
© 2020. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences (ITP). 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/). 

Polish Academy of Sciences (PAN), Committee on Agronomic Sciences JOURNAL OF WATER AND LAND DEVELOPMENT 
Section of Land Reclamation and Environmental Engineering in Agriculture 2020, No. 46 (VII–IX): 20–28 
Institute of Technology and Life Sciences (ITP) https://doi.org/10.24425/jwld.2020.134194 
Available (PDF): http://www.itp.edu.pl/wydawnictwo/journal; http://journals.pan.pl/jwld  

Received  16.10.2019 
Reviewed  10.04.2020 
Accepted 06.05.2020 

Physical vulnerability to flood inundation:  
As the mitigation strategies design 

Azmeri AZMERI 1) , Halida YUNITA 1), Safrida SAFRIDA 2),  
Indra SATRIA 3), Faris Z. JEMI 4)  

1) Syiah Kuala University, Engineering Faculty, Civil Engineering Department, Merpati Street No. 24, Keuramat village, Banda Aceh, 
Aceh, 23123, Indonesia 

2) Syiah Kuala University, Agriculture Faculty, Agribusiness Department, Banda Aceh, Indonesia 
3) Office of Public Work, Meulaboh, Aceh Barat Regency, Indonesia 
4) Syiah Kuala University, Engineering Faculty, Electrical Engineering Department, Banda Aceh, Indonesia  

For citation: Azmeri A., Yunita H., Safrida S., Satria I., Jemi F.Z. 2020. Physical vulnerability to flood inundation: As the mitigation 
strategies design. Journal of Water and Land Development. No. 46 (VII–IX) p. 20–28. DOI: 10.24425/jwld.2020.134194. 

Abstract 

Flood with intense rainfall and inadequate drainage system leads to flood inundation in residential areas, which in turn 
damages the housing components and causes a loss. The different level of flood inundation at various affected locations 
caused varying degrees of losses. This study aimed to identify the damage conditions and analysed the physical loss of the 
residential building components. The physical vulnerability level is influenced by two damage qualification: the structural 
and architectural damages. The third-order polynomial function approach produces the best model for both qualifications, 
yielding the smallest average of errors (RMSE) of 0.0187 for the structural quality and 0.0672 for the architectural quality. 
The amount of losses related to the architectural elements of the house is smaller compared to the structural one as it is not 
its main component. This approach is useful as a guide in determining the post-flood handling rehabilitation cost of both 
structural and architectural elements that will be more appropriate for future conditions. This information is essential as 
effective management to design flood disaster mitigation strategies and may serve as a basis for flood risk management.  

Key words: architectural damage, flood, physical vulnerability, structural damage  

INTRODUCTION 

Hydrometeorological disasters such as flood, drought, 
and storm occur due to unstable hydrometeorological pa-
rameters. Such disasters have been prominent around the 
world and more than 95% of the disaster trends in Indone-
sia are hydrometeorological. It is also predicted that the 
flood will be more severe and frequent due to climate 
change [RIEUX et al. 2012]. Consequently, many parts of 
the world face severe threats of flood hazards. Unplanned 
urbanization, rapid conversion of land use, and poor flood 
management are some of the factors contributing to the 
impacts of flood and increasing the risks for the population 
[NASIRI et al. 2016]. 

Generally, the flood risk affects the people living in 
the cities, especially in developing countries, as the loca-
tions are usually in urban areas with unique spatial charac-

teristics of informal settlement [BAKER 2012]. The infor-
mal settlements are the residential areas where the resi-
dents do not have access to essential services, ownership 
security, and are non-compliance with UN-Habitat build-
ing regulations [UN-Habitat 2011]. Most residents of these 
settlements are vulnerable to various hazards due to their 
living conditions, as indicated by poor essential services 
and infrastructure as well as the proximity to hazardous 
zones, such as floodplains and rivers [BAKER 2012]. 

According to risk management, three main aspects 
cause the flood risk of urban systems, namely hazard expo-
sure, vulnerability, and resilience. Hazard is an extreme 
natural event including its frequency; exposure refers to 
the society, environment and the property affected by 
flood; and resilience refers to the vulnerability of the socie-
ty and the property to flood [KRON 2009]. Meanwhile, re-
gional resilience reflects the recovery conditions from the 
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flood impacts [ROBERTS et al. 2009; SMIT, WANDEL 2006]. 
In flood management to reduce the effects of the flood, 
vulnerability evaluation is a crucial element [AHMAD, SI-
MONOVIC 2013; TOTSCHNIG, FUCHS 2013].  

An understanding of vulnerability is vital for develop-
ing programs to assess the vulnerability of urban settle-
ments [SALAMI et al. 2017]. The definition of ‘vulnerabil-
ity’ is multi-dimensional [BIRKMANN 2006; VOGEL, 
O'BRIEN 2004], and there has been no comprehensive ex-
planation to represent its best conceptualization [KASPER-
SON, ARCHER 2005]. The vulnerability has been widely 
defined in different contexts, for example, in the context of 
environmental hazards [ZENTEL, GLADE 2013], the vulner-
ability to natural and human-caused hazards in Indonesia is 
related to climate change [FIRMAN et al. 2011]. 

Vulnerability usually applies to a series of conditions 
that occur from physical, social, economic, and environ-
mental conditions [WILSON 2012; ZENTEL, GLADE 2013]. 
Many researchers examined vulnerability in the context of 
variation in hazard exposure, while others assessed it in 
term of the difference in the human capacity to overcome 
the hazards. Several other researchers also examined the 
flood vulnerability, an essential element of urban flood 
management, using various methods. The development of 
an evaluation method is due to the need to improve deci-
sion making, for example, to obtain the best solution relat-
ed to economic or infrastructure investment in cities. 
Therefore, an index to evaluate the vulnerability and to 
identify more vulnerable zones is introduced; followed by 
relevant comparisons to obtain more useful insights [NA-
SIRI et al. 2018]. 

The flood vulnerability index is a method for examin-
ing the flood vulnerability based on the river areas, sub-
watershed, and scale of the urban regions. The categories 
rely on various components affecting the vulnerability of 
the people living in flood-prone areas [BALICA 2007]. The 
flood vulnerability index is a quantitative variable enabling 
the comparison of disaster risk and its impacts between 
various regions affected by the flood [BIRKMANN 2007]. 
First, each index is formulated by identifying the most 
suitable types of data for calculating the vulnerability, fol-
lowed by recognizing the available data on the spatial scale 
[MCLAUGHLIN, COOPER 2010]. The index assessment 
serves as a guide for vulnerability reduction strategies 
[BALICA 2007]. 

Similarly, in the case of Aceh Barat Regency, specifi-
cally in Johan Pahlawan district (Sumatra, Ind. Sumatera – 
Indonesia), the flood often occurs in several residential 
areas. Based on the data from the Regional Disaster Man-
agement Agency (Ind. Badan Penanggulangan Bencana 
Daerah, BPBD) of Aceh Barat Regency, Leuhan and Blang 
Beurandang villages experienced a repeated flood. The 
flood in 2016 affected nine sub-districts, and Johan Pahla-
wan district was the most severely affected. This condition 
led to thousands of residents in Aceh Barat to evacuate, 
and thousands of houses were submerged. The flood dam-
aged the main structural components of the building, such 
as the foundation, columns, and the sloof of the houses. It 
also ruined the architectural elements of the building, such 
as ceramic floors, wall plastering, wall paint, doors, and 

windows. The damages resulted in the flood losses and the 
magnitude of losses varied depending on the water depth 
and the physical conditions of the residential buildings. 
After considering the threat of repeated flood and the loss-
es, this study aimed to conduct the physical vulnerability 
assessment due to flood. This information is critical for 
providing quick and accurate risk assessments of a given 
area. By highlighting the vulnerability factors, emergency 
management can effectively devise mitigation strategies.  

STUDY AREA AND METHODS 

STUDY AREA 

The study was conducted in Johan Pahlawan district, 
Aceh Barat Regency, Aceh Province, Sumatra, Indonesia. 
It is located between 04°08’ N and 96°07’ E, and covers an 
area of approximately 44.91 km2 (Fig. 1). Based on the 
previous research [AZMERI et al. 2020], the flood inunda-
tion map informed by the key informants were analysed 
using a contour map and processed by the ArcGIS pro-
gram. To verify the map, field observation was conducted 
to record the height or traces of the inundation at residents’ 
houses and other public facilities affected by the flood 
(Fig. 2). 

METHODS 

The literature review undertaken revealed that the 
most appropriate vulnerability indicator method is to use 
the available field data. This method provides a logical 
image of the location to the value of vulnerability. It is 
widely used in flood vulnerability studies and is preferred 
by policymakers due to the clear vulnerability image. The 
illustration clarity aims to measure the priorities and plan 
the risk responses in the study area [NASIRI et al. 2016]. 
The flow chart of the research method is presented in Fig-
ure 3. 

The relationship between the damage ratio and the 
process intensity is defined as the vulnerability based on 
the engineering approach [FUCHS et al. 2007]. In this 
study, the buildings were evaluated based on the monetary 
value of each exposed element [KEILER et al. 2006]. 
Therefore, information concerning the exposed and at-risk 
elements of the affected area was necessary. The monetary 
value of each exposed element gathered for each building 
was associated with each process intensity (in this study, 
the water depth of flood inundation). This data was ana-
lysed by employing a regression approach to inform a vul-
nerability function as the structural and architectural obsta-
cles of buildings related to the flood. The vulnerability 
curve links the data related to the losses and the process 
intensity. 

The characteristics of the exposed buildings were 
compiled by employing empirical data collection conduct-
ed between September and November 2018 based on 
a door-to-door survey. The survey was carried out by in-
vestigating the exposed elements, with a total of 40 exposed 
houses in Johan Pahlawan district. The characteristics were 
the area, type of building, and the building materials used. 
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Fig. 1. The study area in Aceh Barat Regency; source: Government of West Aceh Regency [2019] 

 
Fig. 2. The flood inundation map; source: AZMERI, SATRIA [2020] 
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Fig. 3. The flow chart of research method 

Details analysis of the unit price for each component of the 
residential building was conducted by analysing the unit 
price of the public sector works established by the Minister 
of Public Works and People Housing (Ind. Peraturan 
Menteri Pekerjaan Umum dan Perumahan Rakyat No. 28 
PRT/M/2016. The wage and prices of materials refer to 
Keputusan Gubernur Provinsi Aceh Number 028/782/2016 
concerning the Standards Goods Price for Aceh Barat Re-
gency Government, the Fiscal Year 2018 (Tab. 1). 

The damage ratio was employed to calculate the vul-
nerability. The method adopted an economic approach by 
establishing the ratio between the losses due to flood and 
the value of each element at risk [HAUSMANN 1992]. In the 
 
Table 1. Prices of repair works and the respective housing assis-
tance  

Repair work Unit of  
measurement 

Cost  
(IDR) 

Red brick walls installation (5×11×22 cm), 
the thickness of one stone mixture is 1PC : 
4S 

m2 319,691 

Mixed stucco installation of 1PC : 4S with 
15 mm thickness 

m2 72,080 

Ceramic floor tiles installation (30×30 cm) m2 277,668 
Production and installation of door and 
window frames made of class II or III 
wood 

m3 10,138,113 

Production and installation of panel door 
leafs made of class I or II wood 

m2 806,035 

New wall painting (1 plamuur coat, 1 base 
coat, 2 finished coat) 

m2 35,676 

New wood painting (1 plamuur coat, 1 
base coat, 2 finished coat) 

m2 61,434 

Explanations: IDR = Indonesian rupiah (1000 IDR = 0.068 USD in 10th 
August, 2020), PC = Portland cement, S = sand. 
Source: own elaboration. 

second set of calculations, the value of each building is 
related to the magnitude of the process intensity of the last 
flood condition (2018). The magnitude of the process in-
tensity is the water depth of each house. Relating this data 
to the object level generated scatter plots. The vulnerability 
function was then created using a non-linear regression 
approach. This function represented the relationship be-
tween degree of loss (DoL) and the magnitude of process 
intensity (I) due to flood in the study area (Eq. 1) [AZMERI, 
ISA 2018; KARAGIORGOS et al. 2016]. 

 DoL = f (I) (1) 

The targeted function should fulfil three requirements. 
First, the value of the vulnerability should be between zero 
and one (f: I → [0, 1]). Second, the vulnerability function 
should exceed its original value (f(I = 0) = 0). And third, 
the vulnerability function shows a substantial increase (I1 ≤ 
I2 → f(I1) ≤ f(I2)). Two functions were used in this study 
that reflected the vulnerability behaviour (Tab. 2).When 
the value of the process intensity is relatively low, DoL 
increases slowly [AZMERI, ISA 2018; PAPATHOMA-KOHLE 
et al. 2015; TOTSCHNIG et al. [2011]. The moderate value 
of process intensity increases DoL almost linearly, and when 
it is high, DoL asymptotes with one. Due to these behav-
iours, the linear function is inappropriate to be used for 
flood vulnerability. The presented function was modified 
to reflect the three requirements previously outlined [TOT-
SCHNIG et al. 2011]. The vulnerability parameters of the 
model presented were determined by employing the root-
mean-squared error (RMSE), as illustrated in Equation (2). 

 𝑅𝑅𝑅𝑅 = �∑ (𝑦�𝑖−𝑦𝑖)2
𝑛
𝑖=1

𝑛
 (2) 

Where: 𝑦𝑖  and 𝑦�𝑖 are the values surveyed and modelled at 
time i, where n is the total number of residential buildings 
exposed [MONTESARCHIO et al. 2009]. 

Table 2. Functions applied for vulnerability analysis  

Model 
structural 

Model archi-
tectural Function Formula Parame-

ters (θ) 

M1 M3 
the second-order 
polynomial ah2 + bh a, b 

M2 M4 
the third-order 
polynomial ah3 + bh3 + ch a, b, c 

Explanations: a, b, c = parameters in function, h = water depth. 
Source: own elaboration. 

The best model selection (M*) is undertaken by com-
paring the average RMSE for all models, and M* is based 
on the smallest RMSE. 

RESULTS  

THE DAMAGES AND LOSSES OF RESIDENTIAL 
BUILDINGS 

The flood inundation in Aceh Barat Regency sub-
merged the residential area. Based on the survey data, there 
were 40 units of houses impacted by the flood in Leuhan 
Village (17 units) and Blang Beurandang Village (23 
units). Of the 17 units in Leuhan Village, nine were in Raja 

Survey and classification: 
The affected floods area 

Water depth          
(Process intensity) (I)

Investigation of the exposed 
buildings 

Stuctural Architectural

The each exposed 
element of buildings

The risk elements of 
buildings

The monetary value of 
each exposed element 

(losses)

The monetary value of 
risk elements 

Physical vulnerability  
(Ratio losses and the monetary 

value of risk elements)

Non linier regression 

RMSE minimum

Optimal model of 
physical vulnerability 
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Aceh Hamlet, and eight were in Cot Seumatang Hamlet. 
Of 23 units in Blang Beurandang Village, three were in 
Raja Hamlet, four in Paya Simpo Hamlet, five were in 
Paya Seulimeng Hamlet, two were in Manggis Hamlet, and 
nine were in Lam Ayon Hamlet. 

Of the residential areas exposed to flood, nine houses 
suffered structural damage, while 31 houses were damaged 
in term of the architecture. The damage conditions of the 
residential areas exposed to flood were varied, such as 
dropped foundation, damaged column and sloof structures, 
damaged floor tiles, cracked plaster walls, and peeled wall 
paint, as well as damaged doors and windows. The survey 
identified the damages by noting the information concern-
ing the condition of the housing damages, classifying them 
into good condition (GC), slightly damage (SR), moderate-
ly damage (MS) and severely damage (SB). The data con-
cerning the damages of each house impacted by the flood 
was indexed using the damage magnitude adopted from 
WURYANTI [2002]. The scores for slightly damage (SR), 
moderately damage (MS) and severely damage (SB) were 
10%, 25%, and 50%, respectively. Then, the prices of the 
exposed building elements were multiplied by the score to 
generate the total loss. 

The analysis of residential buildings losses impacted 
by the flood was undertaken by establishing the price of 
the public works unit, using a list of wage and material 
prices to create the unit price of structural elements of the 
houses. The unit price of work was then multiplied by the 
magnitude of damage generating the value of the losses. 
The value of losses for each house impacted by floods var-
ies, ranging from the smallest to the biggest losses with 
different levels of water depth. The damages occurred to 
the houses, including the structural and architectural ele-
ments. 

THE PHYSICAL VULNERABILITY ANALYSIS  
OF THE BUILDINGS DUE TO INUNDATION FLOODS 

The flood risk is the potential damage and losses in the 
future due to damaged residential housing. The calculation 
of the risk value is based on the damage after the flood and 
the possibility of future damage and losses. The risk value 
of the structural quality of the houses is based on the as-
sumptions concerning the damage of each element to the 
total damage/destruction, whereas the risk value for the 
architectural quality of the houses is also based on the as-
sumption related to the damage of each element to the se-
verely damaged condition. 

THE STRUCTURAL QUALITY OF THE HOUSES 

The degree of loss concerning the structural quality of 
the house is a ratio between the value of losses for each 
element of the exposed house and the risk value. The struc-
tural risk value was calculated based on the assumption of 
potential damage and losses related to the damage of the 
main structural components of the house. Table 3 presents 
the structural loss value. Scatter-plots were generated by 
associating the water depth and the value of losses for each 
house. Furthermore, the vulnerability function was ac-
quired by employing a non-linear regression approach. 

Table 3. The degree of structural loss to water depth 

House No. Water depth (h) (m) Degree of loss (–) 
1 1.00 0.053 
2 1.00 0.075 
3 2.00 0.196 
4 2.00 0.259 
5 1.00 0.058 
6 0.90 0.039 
7 1.50 0.067 
8 1.50 0.082 
9 1.30 0.077 

Source: own study. 

 

 
Fig. 4. Relationship between water depth and degree of loss  

acc. to the two different models: a) the second-order  
polynomial model (M1), b) the third-order polynomial  

model (M2); source: own study 

Next, the second-order (a) and the third-order polynomial 
(b) regression analyses using the index from the previous 
equation were run to create the right model (Fig. 4). 

Table 4 shows that the magnitude of losses in the usual 
process for nine houses at risk is 1.36 m, ranging from 0.90 
to 2.00 m, with a median of 1.30 m. The average damage 
per unit is 1,491,888.88 IDR, ranging from 582,000.00 to 
3,832,000.00 IDR, with an average of 1,116,000.00 IDR. 
 
Table 4. Summary statistics for the analysis of data set concern-
ing the value of structural loss of the houses (number of observa-
tions = 9) 

Statistic Symbol Process in-
tensity (m) Loss (IDR) DoL  

(a) 
DoL  
(b) 

Minimal h(1:9) 0.90 582,000.00 0.0338 0.0568 
Mean  1.36 1,491,888.88 0.0996 0.1010 
Median h(9:9) 1.30 1,116,000.00 0.0813 0.0629 
Maximum  2.00 3,832,000.00 0.2124 0.2266 
Explanations: a = the second-order polynomial, b = the third-order poly-
nomial, h = water depth. 
Source: own study. 

a) 

b) 

Water depth, h (m) 
D

eg
re

e 
of

 lo
ss

 
D

eg
re

e 
of

 lo
ss

 

Water depth, h (m) 



Physical vulnerability to flood inundation: As the mitigation strategies design 25 

 

The following are the comparison results of the two mod-
els: the second-order polynomial (a) resulting in the mean 
DoL of 0.0996, ranging from 0.0338 to 0.2124, with a me-
dian of 0.0813; and the third-order polynomial (b) generat-
ing the mean DoL of 0.101, ranging from 0.0568 to 
0.2266, with a median of 0.0629. 

The detail differences between M1 and M2 models are 
presented in boxplots in Figure 5. The results of root mean 
square error (RMSE) for structural parts of the houses pre-
sented in Table 5. 

 
Fig. 5. Box plots highlighting the ranges in the degree  

of loss (DoL) for the M1 and M2 models; sours: own study 

Table 5. The results of root mean square error (RMSE) for struc-
tural parts of the houses 

Model (M) Function Mean RMSE 
M1 second-order polynomial 0.0275 
M2 third-order polynomial 0.0187 

Source: own study. 

Table 5 shows that the M2 model has a lower RMSE 
(0.0187) compared to the M1 model (0.0275). Therefore, 
the third-order polynomial function is considered as M*. 
The statistics results generate the vulnerability index of the 
structural elements of the house and the calculation of the 
vulnerability function based on the water depth. 

Finally, the model was adjusted to the overall data set 
(nine points) for the structural conditions of the houses, 
resulting in Equation 3. 

 DoL = 0.121h3 – 0.306h2 + 0.242h (3) 

THE ARCHITECTURAL QUALITY OF THE HOUSES 

In line with the structural construction of the houses, 
the degree of architectural loss of the house is the ratio 
between the value of losses for each architectural element 
of the exposed house and the risk value. The risk value is 
based on the assumption regarding the potential damage 
and architectural losses of the house, as previously men-
tioned. The magnitude of the risk value differs between 
houses. The second-order polynomial (a) and the third-
order polynomial (b) regression analyses were undertaken 
using the resulting index to create the best model. The re-
sults of the analysis can be seen in Table 6. Next, the sec-
ond-order (a) and the third-order polynomial (b) regression 
analyses using the index from the previous equation were 
run to create the right model (Fig. 6). 

Table 6. The degree of architectural loss to water depth 

House 
No. 

Water depth 
h (m) 

Degree of 
loss (–) 

House  
No. 

Water depth 
h (m) 

Degree of 
loss (–) 

1 1.00 0.288 17 1.00 0.103 
2 1.00 0.284 18 1.00 0.288 
3 1.00 0.284 19 0.80 0.185 
4 1.00 0.273 20 0.70 0.179 
5 1.00 0.273 21 0.70 0.185 
6 1.80 0.710 22 1.00 0.355 
7 1.80 0.658 23 1.00 0.189 
8 1.20 0.366 24 1.00 0.271 
9 1.20 0.190 25 1.00 0.278 

10 1.00 0.201 26 1.00 0.201 
11 1.20 0.273 27 1.00 0.284 
12 1.20 0.125 28 1.50 0.377 
13 1.20 0.253 29 1.00 0.179 
14 1.20 0.260 30 1.00 0.355 
15 1.00 0.293 31 1.00 0.364 
16 1.00 0.151    

Source: own study. 

 

 
Fig. 6. Relationship between water depth and degree of loss  

acc. to the two different models: a) the second-order polynomial 
model (M3), b) the third-order polynomial model (M4);  

source: own study 

Table 7 indicates that the magnitude of the losses in 
the usual process is 1.081 m for 31 houses at risk, ranging 
from 0.70 to 1.80 m, with a median of 1.00 m. The average 
damage is 209,129.03 IDR per unit, ranging from 
89,000.00 to 518,000.00 IDR, with an average of 
203,000.00 IDR. Comparing the two models, the second-
order polynomial (a) generates the mean DoL of 0.2781, 
ranging from 0.1408 to 0.6188, with a median of 0.2400; 
while the third-order polynomial (b) generates the mean 
DoL of 0.2800, ranging from 0.2284 to 0.6734 with a me-
dian of 0.2427. 

Table 8 presents the average RMSE, and Figure 7 illus-
trates in more details the differences between M3 and M4 
models, as shown by the boxplots. 
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Table 7. Summary statistics of data set concerning the value of 
architectural loss of the houses (number of observations = 31) 

Statistic Symbol Process in-
tensity (m) Loss (IDR) DoL  

(a) 
DoL  
(b) 

Minimal h(1;31) 0.700 89,000.00 0.1408 0.2284 
Mean  1.081 209,129.03 0.2781 0.2800 
Median  1.000 203,000.00 0.2400 0.2427 
Maximum h(31;31) 1.800 518,000.00 0.6188 0.6734 
Explanations: a = the second-order polynomial, b = the third-order poly-
nomial, h = water depth. 
Source: own study. 

Table 8. The results of root mean square error (RMSE) for archi-
tectural parts of the houses 

Model (M) Function Mean RMSE 
M3 second-order polynomial 0.0766 
M4 third-order polynomial 0.0672 

Source: own study. 

 
Fig. 7. Boxplots highlighting the ranges in the degree of loss 

(DoL) for the M3 and M4 models 

Table 8 shows that the M4 model has lower RMSE 
(0.0672) compared to the M3 model. Therefore, the third-
order polynomial function is referred to as M*. 

The boxplots presented in Figure 7 indicates that the 
architectural model has no box-lower because the lower 
quartile value is equal to the median of the data. Most of 
the architectural damage occurred at the same water depth 
(between 0.70 and 1.20 m). Finally, the model was adjust-
ed to the overall data set (31 points) for the architectural 
condition of the houses, creating Equation 4. 

 DoL = 0.40 h3 – 0.96 h2 + 0.80 h  (4) 

DISCUSSION  

The structural condition of the second-order polyno-
mial model (M1) shows an overestimate prediction of DoL 
for the water depth greater than 1 m. On the contrary, the 
third-order polynomial model (M2) represents the trend in 
the data more appropriately and shows no systematic bias. 
M2 model shows the same trend for its data distribution 
pattern, as shown in Figure 4. The overestimate character-
istic of M1 model leads to the higher RMSE and variance 
distribution, as illustrated in Table 5. The final model rep-
resents the definition of the vulnerability index to water 
depth; the vulnerability increases significantly. The process 
intensity from 0.90 to 1.00 m is relatively equal, indicating 
relatively similar vulnerability. When the process intensity 

is >1.00 m, vulnerability and DoL rapidly increase. The 
highest DoL is 0.227 for a water depth of 2.00 m. 

The architectural condition of the house has a similar 
trend to the structural one, the architectural condition of 
the second-order polynomial model (M3) showed that es-
timated DoL is overestimated for the water depth greater 
than 1 m. Conversely, the third-order polynomial model 
(M4) represents the trend in the data more appropriately 
and does not show any bias; instead, it shows similar be-
havior concerning the data distribution pattern. The overes-
timate nature of the M3 model results in a higher RMSE 
distribution and variation. The less severe flood can signif-
icantly increase the DoL of the architectural components of 
the house compared to the structural ones. The final model 
is generated, representing the definition of the vulnerability 
index to water depth, and the vulnerability increased sig-
nificantly. For the process intensity between 0.70 and 1.00 
m, the increase of DoL is very small. DoL begins to in-
crease gradually when the process intensity ranges from 
1.00 to 1.20 m, indicating that vulnerability is slowly in-
creasing. Both vulnerability and DoL increase extremely 
when the process intensity is >1.20 m, with the highest 
DoL of 0.673 for a water depth 1.80 m. 

The amount of losses related to the architectural ele-
ments of the house is smaller compared to the structural 
one as it is not its main component. The magnitude of loss-
es experienced by residential housing in the study location 
for the structural and architectural elements of the houses 
indicates the necessity to focus on the vulnerability as-
sessments due to a flood disaster. Therefore, the establish-
ment of the post-flood rehabilitation expenses for the struc-
tural and architectural elements is more suitable for future 
conditions. The focal points of this information are critical 
to serving as effective management to design flood disaster 
mitigation strategies and may serve as a basis for flood risk 
management [BORGA et al. 2014; DE MARCHI, SCOLOBIG 
2012; KARAGIORGOS et al. 2016]. The points are as fol-
lows: 
− the accurate physical vulnerability formulation can bet-

ter reduce the loss of lives and property; 
− the conformity of the housing construction location and 

the level of physical vulnerability; 
− the conformity of the type of housing materials and the 

level of physical vulnerability; 
− the conformity of the housing rehabilitation cost budg-

eted and the level of physical vulnerability;  
− determining the people prioritized for housing rehabili-

tation aid. 

CONCLUSIONS 

The results of this study inform that the third-order 
polynomial functions indicate the best relationship be-
tween the magnitude of the water depth and the degree of 
loss for structural and architectural conditions. RMSE es-
timates the accuracy of the model, and it indicates reliable 
results. As established in the distribution requirements, the 
vulnerability significantly increases as the process intensity 
increasing. The buildings analyzed have been damaged by 
the water depth (≤ 2.00 m for structural and ≤1.80 m for 
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architecture); thus, it is impossible to modify the model 
with a higher process intensity. This is the limitation of this 
study compared to previous studies including the losses 
due to higher process intensity [TOTSCHNIG, FUCHS 2013]. 
The shape of the curve generated is in line with the results 
reported by Karagiorgos, et al. (2016) for the exposed resi-
dential buildings. 

The amount of losses experienced by residential hous-
ing in the study location for the structural and architectural 
elements of the houses indicates the necessity to focus on 
the vulnerability assessments due to a flood disaster. 
Meanwhile, the amount of losses related to the architectur-
al elements of the house is smaller compared to the struc-
tural one as it is not its main component. Therefore, the 
establishment of the post-flood rehabilitation expenses for 
the structural and architectural elements is more suitable 
for future conditions. The focal point of this information is 
critical to serving as effective management to design flood 
disaster mitigation strategies. 
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