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Abstract: The most devastating flood event in Kota Bharu was recorded in December 2014, which
affected several properties worth millions of dollars and thousands of homes. Damage to physical
properties, especially buildings, is identified as a significant contributor to flood disasters in Malaysia.
Therefore, it is essential to address physical flood vulnerability by developing an integrated approach
for modeling buildings’ flood vulnerability to decrease the flood consequences. This study aims at
developing a flood vulnerability assessment approach using an indicator-based model (IBM) for
individual buildings in Kota Bahru, Kelantan, Malaysia. An intensive literature review and expert
opinions were used to determine suitable indicators that contribute to the physical flood vulnerability
of buildings. The indicators were grouped into three components, i.e., flood hazard intensity (I),
building characteristics (C), and effect of the surrounding environment (E). The indicators were
further refined based on expert opinions and Relative Importance Index (RII) analysis. Based on their
contribution to the Malaysia local building flood vulnerability, priority weight is assigned by the
experts to each of the selected indicators using the participatory Analytical Hierarchy Process (AHP).
A spatial database of buildings in Kota Bharu is developed through field surveys and manually
digitizing building footprints from satellite imageries. The identified indicators and their weight are
added to each building footprint. The Weighted Linear Combination (WLC) aggregation method
combined the weight of indicators into a vulnerability index and maps. The results of a physical
flood vulnerability were validated using building damage information obtained through interviews
with the community that experienced previous flood in the study area. The result showed that about
98% of the study area’s buildings have either moderate or low vulnerability to flooding. The flood
vulnerability map has an overall accuracy of 75.12% and 0.63 kappa statistics. In conclusion, the IBM
approach has been used successfully to develop a physical flood vulnerability for buildings in Kota
Bharu. The model contributes to support different structural and non-structural approaches in the
flood mitigations process.

Keywords: flood; buildings; physical vulnerability; flood risk; indicator-based; index

1. Introduction

In recent decades, there has been a significant increase in the frequency, intensity,
and magnitude of flood events in different parts of the world [1,2]. In a large floodplain
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area, avoiding floods occurrence is challenging. Hence, communities within flood-prone
areas are adapted to the floods by reducing its impacts [1]. One of the cost-effective
ways to manage and adapt to floods are through a flood risk assessment. This could be
conducted by analyzing the probability of flood occurrences (hazard) and its (vulnerability)
potential consequences [3]. The flood depth and extent are the most important variables
to assess flood probability [4,5]. On the other part, the vulnerability assesses the potential
susceptibility consequences of the hazard to the exposed physical elements [6].

Physical flood vulnerability assessment usually refers to the assessment of damage as
a result of flooding to physical structures (human shelter), mainly buildings [7]. The term
damage used here refers to harm to the physical elements-at-risk, as well as the amount of
resources needed to restore the affected elements to their original function. Understanding,
quantifying, and analyzing the vulnerability of physical properties is essential for designing
strategies and adopting an approach for its reduction [8]. Studies specifically in Malaysia
have shown that death from flood-related disasters has decreased; however, the number
and value of physical property losses due to flood disasters has significantly increased [9,10].
The study of Chan [11] has shown an increase in the annual expected flood damage (in
terms of Malaysian ringgit). In 1982, the average annual value of expected flood damage
is less than RM100 million (about $25 million), which increases to RM915 million (about
$222 million) in 2010. Some of the notable floods in Malaysia are in 1996 with an estimated
damage value of RM300 million ($72 million), 2006 with an estimated damage value of
RM1.55 billion ($376 million), and the flood event of 2014 where about 300,000 people
are affected with property and infrastructure losses estimated to about RM2.9 billion
($704 million) [12]. The majority of floods recorded in Malaysia are river floods that
occur after prolonged precipitation over large basin areas [9]. Usually, river floods do not
occur suddenly, affect vast areas, and can last for some days to weeks [13]. Currently, the
development, management, and implementation of flood mitigation measures in Malaysia
are under the Department of Irrigation and Drainage (DID) [14]. The DID flood mitigation
strategy and policy consist mainly of structural measures (e.g., construction of dams and
embankments to control flood flows), non-structural measures (i.e., flood risk assessment
and mapping, land use planning and flood forecasting, and warning systems to mitigate
flood impacts), and flood disaster relief and preparedness machinery [15]. Nevertheless,
the study of Romali [6] highlighted the necessity of having a balance between structural
flood measures and non-structural flood measures in order to have a successful long-term
flood risk management strategy.

Furthermore, flood risk is an outcome of interactions between flood hazard, expo-
sure, and the vulnerability of the exposed elements-at-risk. Within the concept of flood
risk, hazard refers to the probability of the occurrence of a potentially damaging flood
event [16]. Whether a hazard could lead to harm depend on the exposure and vulnerability
of the element-at-risk to the hazard [17]. Exposure in this concept refers to the presence of
elements-at-risk (e.g., people, buildings, services, infrastructure, or other properties) that
could be adversely affected [18]. Vulnerability is the degree of harm expected under certain
conditions of exposure, susceptibility, and resilience [19]. Susceptibility is the likelihood of
dangerous events occurring based on local element conditions or as a result of its inherent
characteristics’ inability to withstand the hazard impact [20]. Meanwhile, resilience is the
ability of an element-at-risk to anticipate, absorb or cope with, resist, and recover from the
impact of a flood hazard [21]. The popular methods for assessing physical flood vulnera-
bility are vulnerability curve, vulnerability matrices, and the indicator-based method [22],
which are used appropriately in different vulnerability assessment approaches within the
phases of the risk cycle [23]. The indicator-based methods have the strength of allowing
significant factors (e.g., building material, construction type, number of floors, level of
maintenance, ground floor material) that contribute to flood vulnerability to be considered
during the vulnerability assessment [20]. The method is flexible, easy to use, and able to be
understood by decision makers. Unlike the quantitative method usually expressed by the
vulnerability curve functions, the indicator-based method does not require a significant
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amount of field flood damage records and empirical studies that relate between flood
hazard intensity and its corresponding building damages [17,23]. The primary practice of
an indicator-based approach is the use of composite indicators. Vulnerability indicators are
defined as variables that are operational representations of a characteristic or quality of
the system able to provide information regarding the susceptibility, coping capacity, and
resilience of a system to an impact of an albeit ill-defined event linked to a hazard of a
natural origin [23]. Usually, the result of an indicator-based approach is index and indices
representing a degree of vulnerability on a scale. An index represents reality using num-
bers or a ratio derived from a series of observations used as indicators [24]. To effectively
implement an indicator-based approach, the priority weight of importance or vulnerability
contribution of indicators and sub-indicators must be specified to create the final index [25].
There are different techniques for assigning the weight of indicators. Some are statistical
models, such as data envelopment analysis (DEA), principal component analysis (PCA),
and factor analysis (FA). Some are participatory methods such as conjoint analysis (CA),
analytic hierarchy processes (AHP), and budget allocation processes (BAP) [21,26]. The
participatory approach also allows the use of expert opinion to assign weights of indicators
to reflect policy priorities or theoretical factors better. Stakeholders such as experts, citizens,
and policymakers can be used to assign weights. Participatory methods are recommended
when the basis for a national policy is known and clearly defined [27].

In 2008, the Malaysian Water Resources Council (MSAN) granted permission to the
DID to develop flood risk maps in Malaysia for non-structural flood mitigation solu-
tions [28]. Since then, flood hazard assessment and maps for most river basins have been
completed [12,15]. However, flood vulnerability assessment and mapping are not well
developed [14]. Detailed flood vulnerability maps of physical element-at-risk at a micro-
scale are still not available. In addition, the development of a quantitative physical flood
vulnerability model in Malaysia is always hampered by a lack of and unclear approach to
field damage assessment [12]. Hence, the contribution of this study is to develop a frame-
work for flood vulnerability modeling and mapping in Malaysia using an indicator-based
approach. This is important as a starting point for a comprehensive flood risk assessment
in Malaysia. This study will help local authority reduce flood vulnerability and risk by
introducing suitable building structures that can cope with the flood. This is important
since a flood usually is an act of nature, and in this scenario, we have to live with this
hazard. Similarly, this study developed an indicator-based physical flood vulnerability
in Kota Bharu, which considers local building characteristics, flood intensity, and the sur-
rounding area. Previous studies show that flood intensity has not been considered in the
indicator-based modeling [2,20]. Specifically, the objectives of this paper are as follows:

• To identify significant and suitable indicators for physical flood vulnerability of
different buildings structures in an urban settlement of Kota Bharu, Malaysia.

• To develop a physical flood vulnerability model of buildings based on the indicator-
based approach by assigning the weight of importance for the selected physical flood
vulnerability indicators using the AHP approach.

• To produce a flood vulnerability map of the individual buildings in Kota Bharu
by aggregating the flood vulnerability indicators and their weights into the flood
vulnerability index.

2. Materials and Methods
2.1. Study Area

The study area is in Kota Bharu, Kelantan, which is situated in the northeastern part
of Peninsular Malaysia (see Figure 1). The terrain is relatively flat (low-lying areas) repre-
senting depositional terrain and overlying unconsolidated alluvial, coastal, and marine
sediments of variable thickness [29]. The entire district of Kota Bharu is situated in the
Kelantan River Basin, representing typical floodplains and basins prone to annual mon-
soon/river floods in Malaysia [30]. During the 2014 flood disaster, it was reported that the
homes of about 16,734 families were displaced [31].



Water 2021, 13, 1786 4 of 22

Figure 1. Location of the study area: (A) Kota Bharu city, (B) Kota Bharu District, (C) Peninsular Malaysia, and
(D) Kelantan State.

2.2. Data Acquisition

WorldView-4 high-resolution satellite imagery taken in 2018 with a spatial resolution
of 0.5 m is acquired for the purpose of extracting building footprints. For flood hazard
simulation, several datasets are obtained from the Department of Irrigation and Drainage
(DID). The obtained data are a Digital Terrain Model (DTM) with 3 m spatial resolution
representing the floodplain terrain of Kota Bharu, river network geometry and cross-
sections data for Kelantan River, detailed land-use for defining the Manning’s n value, and
hydrological data, which include hourly river flow discharge and hourly water level for
the period of 1975 to 2015.

To validate flood vulnerability and hazard modelling, a field survey is conducted to
collect previous flood records. The survey includes interviews to collect building damage
information due to previous flood episodes. The survey is based on the stratified sampling
strategy involving about 237 building samples from the 2014/2015 flood-affected areas.
For validation of the flood hazard model, flood water depth marks are obtained from the
field survey.

2.3. Hydrographs and Flood Hazard Modeling

In this study, the 1D-2D SOBEK flood hydrodynamic modeling is used to determine
the flood extent and quantify flood hazard intensity. River discharge frequency is computed
to define the probability of river flood occurrence. The maximum annual flow (m3/s) of
Kelantan River from 1975 to 2018 is used to determine the probability distribution (see
Figure 2).
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Figure 2. Maximum annual flow discharge of Sg. Kelantan from 1975 to 2015.

The selected probability distributions method used in this study is Log-Pearson III [32].
Flow discharge (m3/s) is generated for the selected return period (see Figure 3). Peak flows
corresponding to 2, 5, 10, 25, 50, and 100-year return periods are 4338 m3/s, 7194 m3/s,
9341 m3/s, 12,314 m3/s, 14,699 m3/s, and 17,215 m3/s, respectively. The 2014 flood event
in Kota Bharu is classified as a 100-year flood event, and it is the maximum flood event
ever recorded [9,30].

Figure 3. Flow discharge probability curve.

2.3.1. Defining Boundary Conditions, Model Schematization, and Flood Simulation

The DTM data acquired originally in 3 m spatial resolution were resampled to 90 m.
This is necessary to reduce the size of simulation data and computation, which consequently
reduce the simulation time. Extensive computation time is a significant limitation in SOBEK
2D hydrodynamic modeling. The river networks of the Kelantan River are necessary for
the 1D flood simulation and used as the reference to digitize the river reach in the model
schematization. Grid nodes are calculated at an interval of 200 m to define the reach
direction from upstream to downstream. Similar to river networks, cross-sections are also
necessary for characterizing the 1D river flow. For the flood simulation, 15 cross-sections
are selected and inserted into the river network. The land-use and land-cover data are
used to estimate Manning’s n value by converting each land-use class into a raster pixel
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with corresponding the Manning’s n value. Flood modeling in SOBEK requires both
inflow and outflow boundary conditions. The inflow boundary is set at the Kelantan River
hydrological station located in the upstream area. The outflow boundary is set near the
mouth of the Kelantan River (downstream), as shown in Figure 4. The inflow boundary
condition is defined using per hour flow discharge (m3/h), and the outflow boundary
condition is defined using per hour water level data (m/h). The observed hydrological
data records from 15th December 2014 to 1st January 2015 are used for inflow and outflow
boundary conditions (see Figure 5).

Figure 4. Location of inflow (upstream) and outflow (downstream) boundary conditions.

Figure 5. Input (Discharge) data for inlet boundary conditions–upstream and input (Water Level) data for outlet boundary
conditions–downstream.

The SOBEK package consists of several modeling modules for river channel, including
1DFLOW and Overland Flow (2D). These models simulate the flood scenario of December
2014, where most of the Kota Bharu district is inundated by floodwater. The simulation
model is set as unsteady calculation, in which water levels and discharge rates vary over
time across the model area. The flood simulation results are generated for a 15-day period
(17th December 2014 to 1st January 2015) at one-hour intervals covering the flood event
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period. The output of the flood simulation is set to both hourly and maximum flood
depth, flood level, and flood velocity. The flood calibration process is done by tuning the
Manning’s n value based on the differences between the observed and simulated flood
level in the Kelantan River.

2.3.2. Post-Processing of Flood Modeling Results

The post-processing stage aims at producing spatial data that are ready for geographic
information system (GIS) analysis to support flood exposure and vulnerability analysis.
The water depth output is used to determine the flood extent. The maximum water depth
of a 100-year return period flood is used in delineating the flood boundary in the study
area. The flood extent map is used for flood exposure analysis, in which only the inundated
buildings are selected for the flood vulnerability analysis. Flood depth, velocity, and
duration (see Figure 6) will be used in the flood vulnerability analysis. Maximum flood
depth and maximum flood velocity are used for the flood vulnerability analysis. Similar to
most flood modeling packages, SOBEK does not provide direct information about flood
duration. In this study, flood duration was derived from the post-processing of hourly
flood depth. The raster files of flood depth are reclassified into a binary raster of 0 and 1.
The values of 1 and 0 are assigned to inundated pixels (flooded area) and dry pixels (not
flooded area). Finally, the raster files are summed up (using ArcGIS cell statistic tool) to
generate the duration map.

Figure 6. 100–year Kota Bharu simulated flood depth (A), flood velocity (B), and flood duration (C).

2.4. Flood Vulnerability Model

This study of flood vulnerability modeling employs the indicator-based method,
which considers various indicators that directly impact the building damage due to flood-
ing. The flood vulnerability modeling consists of four components, namely (1) identification
and selection of flood vulnerability indicators, (2) assignment of weight for indicators and
sub-indicators, (3) development of building vulnerability database and flood vulnerability
modeling, and (4) validation of flood vulnerability results.

2.4.1. Identification and Selection of Flood Vulnerability Indicators

The flood vulnerability indicators and sub-indicators should consider flood and build-
ing characteristics in Malaysia, especially in Kota Bharu. The selection of relevant indicators
went through the secondary data collection method (literature review), then empirical
observation from the field study, and expert opinion survey. First, a range of potential



Water 2021, 13, 1786 8 of 22

physical flood vulnerability indicators (see Table 1) are compiled and grouped into three
clusters, i.e., flood hazard intensity (I), characteristics of buildings (C), and surrounding
environment (E). Furthermore, an expert opinion survey form is designed containing all
the potential indicators obtained from the literature review. A total of 31 experts are used
for the selection of the final indicators. The experts are selected from different relevant
specializations and organizations using a snowballing sampling approach. Among the
respondents, 39% (12) are university professors/lecturers, 23% (7) are personnel of the
Department of Irrigation Drainage (DID) Malaysia, 19% (6) are university post-graduate
researchers, and 19% (6) are from other relevant organizations. The survey forms for the
expert opinion survey are designed based on a closed-ended format. The experts assign
a score of relevance to the indicators and sub-indicators based on their understanding,
expertise, and experience on flood vulnerability in Malaysia. The respondents rated the
indicators and sub-indicators on a 10-point scale from 1 to 10, using the scale of relevance,
as shown in Table 1.

Table 1. Scale of importance and relevance of indicators and sub-indicators to the physical flood vulnerability.

Scale 1 2 3 4 5 6 7 8 9 10

Importance
and

relevance
Insignificant V. Low V. Low to

Low Low Low to
Mod. Moderate Mod. to

High High H. to V.
High Very High

V. stands for very; Mod stands for moderate; H stands for high.

The return questionnaires forms were analyzed using the Relative Importance Index
(RII) method to determine the suitability of each indicator and sub-indicator based on
expert agreement. The formula adopted for RII is shown below (see Equation (1)).

RII = ∑ w
A × N

(0 ≤ RII ≤ 10) (1)

where w is the score as assigned by each respondent on a scale of 1 to 10. A is the highest
score (10), and N is the total number of the respondents. Based on the RII of indicators, an
RII weight of >0.50 is accepted, and indicators with an RII value below 0.50 are considered
rejected [33], as shown in Table 2.

2.4.2. Assignment of Weight for Indicators and Sub-Indicators

After selecting indicators, the next stage is developing a model for the weighting and
aggregation of the indicators into the vulnerability index. Indicators that determine the
physical flood vulnerability of buildings have different levels of relevance in generating
flood vulnerability. In this study, the Analytic Hierarchy Process (AHP) weighting approach
is utilized to generate indicators’ weight. The AHP method is a descriptive approach to
support decision making developed by Thomas Satty in calculating the weight of factors
from paired comparisons [34]. At first, a hierarchy of the decision problem is structured, as
depicted in Figure 7. In this approach, the goal and vulnerability components are arranged
in a hierarchical structure. The AHP model construction starts by defining the objectives,
which is in this study to assign a physical flood vulnerability index score to buildings
within the study area through prioritizing indicators. The hierarchical model is constructed
with arrows going in one direction from top to bottom. Four sets of pairwise comparisons
are carried out for this model: the components with respect to the goal and the indicators
with respect to the vulnerability components. The paired comparison was conducted
through an expert elicitation and questionnaire survey. A geometrical averaging method is
used in aggregation of the respondent feedback.
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Table 2. Expert opinion agreement on physical flood vulnerability indicators.

Indicators

(N = 31)
DecisionWeighted

Total (∑w) RII Mean

C
haracteristics

ofbuildings
(C

),

Construction type and material 251 0.81 8.097 Selected

Number of floors 218 0.70 7.032 Selected

Presence of basement 82 0.26 2.645 Rejected

Basement windows/opening 90 0.29 2.903 Rejected

Height of opening from the ground 93 0.30 3.000 Rejected

Age of building 64 0.21 2.065 Rejected

Type/Use of building 39 0.17 1.696 Rejected

Building size 98 0.38 3.769 Rejected

Level of Maintenance/condition 113 0.36 3.645 Rejected

Height of the building 92 0.30 2.968 Rejected

Stilts/Elevated buildings 174 0.56 5.613 Selected

Ground floor foundation material 205 0.66 6.613 Selected

Flood
hazard

intensity
(I)

Flood water depth 302 0.97 9.742 Selected

Flood duration 160 0.52 5.161 Selected

Flood water Velocity 214 0.69 6.903 Selected

Water sedimentation 42 0.14 1.355 Rejected

Flood return period 98 0.32 3.161 Rejected

Surrounding
environm

ent(E)

Building distance from the coasts 116 0.37 3.742 Rejected

Building row towards river 121 0.39 3.903 Rejected

Building surrounding fence 104 0.34 3.355 Rejected

Building surrounding vegetation 93 0.30 3.000 Rejected

Distance from main river 219 0.71 7.065 Selected

Terrain elevation 61 0.20 1.968 Rejected

Drainage system 134 0.43 4.323 Rejected

Existence of mitigation measures 128 0.40 4.000 Rejected

Proximity to major road 212 0.68 6.839 Selected

The next step is the analysis of a pairwise comparison. The aggregated final pairwise
comparison and model structure were inserted into Super-Decision software to manage the
analysis effectively. After the pairwise comparison matrix, each matrix is normalized, and
the principal right eigenvector (priority vector) of the matrix is computed by averaging
across the rows of the normalized matrix. Lastly, to validate the AHP results, the consistency
ratio (CR) is calculated using Equation (2) where CI is the Consistency Index and RI is the
Random Index.

CR = CI/RI (2)

CI = (λ_max − n)/(n − 1) (3)

The value of RI is related to the dimension of the matrix. It is usually extracted from
the Random Consistency Index table. If the final consistency ratio exceeds this value, the
evaluation procedure must be repeated to improve the model consistency [35]. In this
study, the degree of consistency of all the pairwise comparisons are considered satisfactory,
as shown in Table 3.
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Figure 7. AHP hierarchical model of physical flood vulnerability indicators.

Table 3. Inconsistences index result of the AHP model.

Pairwise Comparison Cluster Number of Items Consistency Ratio (CR) Random Index (RI)

Vulnerability components cluster 3 0.001 0.58
Building characteristics cluster 4 0.027 0.90
Flood hazard intensity cluster 3 0.036 0.58

Surrounding environment cluster 2 0 0

To aggregate the weights of flood vulnerability indicators into a flood vulnerability
index of individual buildings, the AHP rating approach is used to rate the sub-indicator
classes. It involves making paired comparisons of the criteria just above the alternatives,
which are known as the covering criteria. The sub-indicator classes are assigned with
intensities that vary in number and type. For example, these intensities can be high,
medium, and low; or for a number of floors—single stories, two stories, three stories; or for
flood depth, it can be <0.5 m, between 0.5 m and 1, and above 1 m. The classes are pairwise
compared to obtain their priorities as to the importance. Then, they are put in ideal form by
dividing with the largest value. Ratings are useful when the number of alternatives is very
large to pairwise comparisons for each criterion. The ratings are of the assumption that very
high is twice as high; likewise, high is twice the size of moderate, and it continues like that.
The generated indicators weights calculated from AHP and the ratings of indicator classes
are further integrated using the weighted linear combination method (WLC) in an ARCGIS
environment for the computation of the flood vulnerability index of individual buildings.
The following formula (Equation (4)) was used for the computation. Each indicator is
multiplied by its indicator class’s weight and the summation of all computed values is the
final index value for each building. A scheme in Figure 8 demonstrates how the equations
work. The index is proposed to be divided into five classes of expected vulnerability: very
high (0.81 to 1), high (0.61 to 0.80), moderate (0.41 to 0.60), low (0.21 to 0.40), and very low
(0 to 0.20), with each class vulnerability having a specific damage description.

F − VI =
m

∑
1

wm × Im (4)

where F−VI = flood vulnerability index, wm = propriety weight of indicator, and
Im = indicator-class rating.
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Figure 8. Aggregation model through Weighted Linear Combination.

2.5. Development of Building Vulnerability Database and Flood Vulnerability Modeling

Building footprints and their characteristics were extracted from a high-resolutionworld-
view satellite imagery, land-use data, street-view from Google Earth Pro 7.3, and field
survey. Satellite imagery was used for digitizing building footprints using the heads-up
digitizing method. Due to complicated the building arrangements and locations in the
study area, some building footprints were acquired through field visits. Each building’s
exact location was recorded using the ArcGIS Collector (version 20.2.2) application during
the field survey. Based on the building footprints, a specific attribute database was devel-
oped for each indicator and sub-indicator. The indicator and sub-indicator values for each
building were assigned based on the on-screen image interpretation and field visits. The
on-screen method employs high-resolution satellite image and information obtained from
Google Earth Pro in assigning indicators and sub-indicators to buildings. However, for
assigning information regarding proximity to river and proximity to roads, a buffer tool
analysis in ArcGIS 10.5 is used to measure buildings distances from the river and roads.
Flood depth, flood velocity, and flood duration information were obtained from SOBEK
flood hazard modeling (see Section 2.3).

2.6. Validation of Flood Vulnerability Model

The validation aims at comparing the estimated building damages and the building
damage records obtained from the field survey or interviews. The field survey was done
for selected individual buildings, and detailed interviews were done to complement the
partial damage records due to the 2014 flood. At this stage, the past flood record data are
also classified into five classes: very low vulnerability to floods, low vulnerability to floods,
moderate vulnerable to floods, high vulnerability to floods, and very high vulnerability to
floods. For the comparison purpose, a confusion matrix (Error Matrix) analysis is utilized
to specify the overall and specific accuracies of the flood vulnerability modelling. The
estimated building damages classes obtained through the vulnerability modelling are
compared with the field data (reference data). From the confusion matrix analysis, the
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commission error, omission error, producer accuracy, user accuracy, overall accuracy, and
Kappa coefficient were derived using the following equations.

Overall Accuracy =
∑k

i=1 nii

n
(5)

where nii represents the proportion of subjects in each category for which the two samples
class agreed on the assignment. n is the total number of samples. Finally, the kappa
coefficient is calculated. It is calculated using both the observed (total) accuracy and the
random accuracy where p(a) is total accuracy, and p(r) is random accuracy.

Kappa =
p(a) − p(r)

1 − p(r)
(6)

The kappa coefficient evaluates how well the generated flood vulnerability classi-
fication performed compared to the field damage record. A value of 0 to 1 indicates
that the classification is significantly better than random with each value between 0 and
1 representing a certain degree of acceptance [36]. The values are interpreted into <0.20 as
poor, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80 substantial, and 0.81–1.00 almost perfect.

3. Result

Table 4 shows the priority weights of vulnerability components and indicators as
obtained from the pairwise comparison. The table also depicts an ideal priority weight of
the indicators’ classes obtained from the AHP rating approach.

Accordingly, flood hazard intensity (I) is considered the most important with the pri-
ority weight of 0.52 (52%), which is followed by the building characteristics (C) 0.37 (37%)
and lastly the characteristics of the surrounding environment (E) with the priority weight of
0.11 (11%). The total sum of the priority weight is 1.00 (100%), which is divided among the
three components based on their pairwise comparison. The weight shows each component
contribution in generating flood damage. Furthermore, the local weight highlights indica-
tors relevant within each component, which is driven from the pairwise comparison. The
local weight is multiplied by the component’s priority weight to obtain the global weights
of indicators. Global weights indicate that ‘flood depth’ (0.328) is the most relevant and
vital factor among the nine physical flood vulnerability indicators; it is highest ranked and
is followed by ‘construction type and material’ (0.2014) and ‘flood velocity’ (0.139): these
are the three most important indicators. The fourth relevant indicator is ‘distance to main
streams and river’ (0.094), followed by the ‘number of floors’ (0.092) and ‘flood duration’
(0.054). Others in order of ranking are ‘ground floor foundation material’ (0.050) and
‘stilts/elevated building’ (0.0287). The lowest-ranked vulnerability indicator is ‘proximity
to main road’ (0.019).

From the selected list of flood vulnerability indicators, the actual circumstances that
determine physical flood vulnerability are site-specific, hazard-dependent, and elements-
at-risk dependent. Therefore, the collection of hazard information is necessary to define
flood vulnerability indicators that are related to hazard intensity and also to determine
the flood inundation extent for the identification of exposed buildings. In this study, flood
depth, over-land water velocity, and flood duration are indicators that defined hazard
intensity and exposure.

Footprints of affected buildings are the primary input for the flood vulnerability
modeling developed in this study. Therefore, flood hazard maps are used to determine the
exposure of affected buildings. As shown in Figure 9, the flood hazard map was overlaid
on a buildings polygon to extract on exposed buildings. One of the strong arguments
of this study is that for a building to be vulnerable to flood, it has to be exposed to the
hazard [37].
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Table 4. Priority weights of indicators and indicator classes rating.

Vulnerability
Components Indicators Local Weight Priority

Weight Indicator Classes Rating

C (0.37)

Construction
type and material 0.542 0.201

Steel/IBS and concrete reinforced
masonry structure 0.098

Unreinforced masonry structure 0.209

Mix-material construction
(masonry and wood) 0.464

Wood material structure/lightweight
material structure 1

Number of floors 0.247 0.092

Single story 1

2 stories 0.464

3 stories 0.209

4 stories and above 0.098

Ground floor
foundation

material
0.134 0.050

Cement concrete 0.164

Mix (cement with other materials) 0.405

Wood 1.00

Stilts/Elevated
building 0.077 0.029

Buildings with elevated ground floor 0.11

Buildings without elevated ground floor 1.00

I (0.52)

Flood
water depth 0.637 0.328

<0.5 m 0.098

0.5–1 m 0.209

1.1–3 m 0.464

>3 m 1.00

Flood
water velocity 0.258 0.133

<0.5 m/s 0.098

0.5–1 m/s 0.209

1.1–2 m/s 0.464

>2 m/s 1.00

Flood duration 0.105 0.054

<12 h 0.098

12–24 h 0.209

1–2 days 0.464

3 days above 1.00

E (0.11)

Distance to main
streams and river 0.833 0.094

<500 m 0.098

501–1000 m 0.209

1001–1500 m 0.464

>1501 m 1.00

Proximity to
main road 0.167 0.019

<10 m 0.098

11–50 m 0.209

51–200 m 0.464

>200 m 1.00

After identifying the exposed building structures, the vulnerability of the affected
buildings is computed. Using the selected flood vulnerability indicators and developed
weight for each indicator, the flood vulnerability index and map of the study location is
generated. The buildings vulnerability Index (VI) presented in this study provides a scale
of criticalities for individual buildings that will be severely affected at the occurrence of
100-year flood events. A total of 7780 building footprints located within the simulated
100-year flood inundated area of Kota Bharu city were successfully extracted for their
vulnerability assessment. The generated flood physical vulnerability index (VI) as shown
in Figure 10 was classified into five categories based on the proposed vulnerability classes:
0.00–0.20 (very low), 0.21–0.40 (low), 0.41–0.60 (medium), 0.61–0.80 (high), and 0.81–1.00
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(very high). The proposed description of the vulnerability index classes (see Table 5) was
determined from the field study-based 2014 flood record.

Figure 9. Selecting of inundated buildings by location.

Figure 10. Spatial pattern of physical flood vulnerability index.
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Table 5. Categorization of damage description.

Vulnerability Class Index Value Expected Damage Description

Very Low 0.00–0.20 Building comes into contact with flood water, but no
damage or repair cost is reported.

Low 0.21–0.40
Building comes into contact with flood water but it was not
evacuated before, during, and after flood. The reported lost

is only related to wet furniture and home appliances.

Moderate 0.41–0.60

Furniture wet, broken windows and doors are reported.
Some sections of the building were unusable during the
flood event. The building returns to its full function after

the flood with minor repairs.

High 0.61–0.80 Everything gets wet and some walls break. Major repair
was conducted after the flood.

Very High 0.81–1.00 Building was completely damaged during the flood.

The frequency distribution of the VI classes is shown in Figure 11. The cross-tabulation
analysis shows that most of Kota Bharu buildings have moderate and low vulnerability
classification. The model statistics shows that the average flood vulnerability index value is
0.38889. This shows that in an extreme (100–year) flood occurrence, most of the buildings
that will be flooded may not experience any structural damage. However, building contents
and fittings may be affected (wet of furniture at ground floor). Therefore, evacuation for
most of the buildings may not be necessary. As investigated, most buildings have either
low (49.9%) or moderate (47%) physical flood vulnerability; this is because the majority of
modern building structures are reinforced concrete structures. As a result of the way they
are constructed, they tend to have high resilience to flooding. In addition, most buildings
in Kota Bahru city (especially urban center) are more than one story. As the number of
floors increases, the vulnerability decreases.

Figure 11. Frequency distribution of building flood vulnerability index classes.

Finally, the model output, which is the physical flood vulnerability index of buildings,
was validated by relating the final index output with the 2014 flood damage description of
buildings obtained from the field survey damage assessment. At this stage, the respondent
descriptions of their property damage were used in validating the final flood vulnerability
index developed in this study. Samples from 217 buildings were used for the validation.
The description of buildings damage (from 2014 flooding) based on the respondents’
interview are coded into five categories with each category representing a specific flood
damage description, as shown in Table 5: very low = 1, low = 2, moderate = 3, high = 4, and
very high = 5. The model output results and the presented survey result of the 2014 flood
damage record were compared using Error Matrix (EM) accuracy assessment techniques.
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The categorizations of damage descriptions from the field damage assessment are used as
reference data in the confusion matrix analysis. The accuracy assessment analysis from the
error matrix (EM) is shown in Table 6.

Table 6. Accuracy error matrix for flood index vulnerability classification.

Reference Data
Total Commission

Error
User’s Accuracy %Very Low Low Moderate High Very High

M
odel

C
lassifica-

tion

Very Low 7 2 0 0 0 9 22.22% 77.78%
Low 17 81 1 0 0 99 18.18% 81.82%

Moderate 2 15 52 0 0 69 24.64% 75.36%
High 0 0 16 23 0 39 41.03% 58.97%

Very High 0 0 0 1 0 1 100.00% 0.00%
Total 26 98 69 24 0 217

Omission Error 73.08% 17.35% 24.64% 4.17% 0.00% Overall Class Accuracy 75.12%
Producer’s Accuracy % 26.92% 82.65% 75.36% 95.83% 0.00% Kappa Coefficient 0.63

The confusion matrix reveals that out of the 217 buildings surveyed, the classification
of vulnerability was found to be correct at 163 sampling units. The Overall Accuracy of the
flood vulnerability index classification is 75.12%. A higher percentage of Overall Accuracy
implies better reliability. The model classifications depicted a positive relationship when
compared with field damage reference data. Similarly, the Kappa Coefficient (k) shows
a moderate relationship of 0.63, which means that the model accuracy is “Substantially
Accepted”. The User’s Accuracy (%) and the Producer’s Accuracy (%) of the vulnerability
classes are computed from the confusion error matrix. The accuracy level is satisfactory
and acceptable, except for the very high vulnerability class which as 0% accuracy for both
User’s and the Producer’s Accuracy. This is because there are no buildings in this category
among the surveyed buildings during the field study. Likewise, in the simulated flood
vulnerability model, only a few buildings (1.40%) are in this category. At this stage, it is
essential to discuss the possible sources of error that may affect the accuracy of the flood
vulnerability model. Under or overestimation of the simulated flood hazard models affect
the flood vulnerability modeling developed in this research. In this study, the simulated
SOBEK flood model is validated by comparing the simulated flood depth with the observed
visible flood watermarks of the 2014 flood event. From the comparison, the computed
Mean Error (ME) is 0.31 m. The ME exhibits whether the simulated model measurements
overestimate (positive ME) or underestimate (negative ME) the flood event. The error
result shows that the simulated result overestimates the actual flood event based on the
number of point samples used in this study.

4. Discussion

The study of [20,38] identified building walls’ strength as one of the critical indicators
that reduce flood vulnerability and vulnerability of natural hazard. The material and
the construction type are significant in determining how fast water infiltrates buildings.
Likewise, when the building is subject to immense hydrostatic and hydrodynamic pressure,
structural damage may occur depending on the building construction type and material.
Based on the construction types that are common in Malaysia, the building construction
type and material are group into four major classes, which are (a) Steel/IBS and concrete
reinforced masonry structure, (b) Unreinforced masonry structure (c) Mixed-material con-
struction (masonry and wood) (d) Wood material structure/Lightweight material structure
(see Figure 12). The purpose of classifying buildings into these groups as mentioned above
is to categorize buildings based on their construction strength. According to available
post flood field surveys [39–41], lightweight material and wood-constructed buildings
have always suffered more serious structural damage. Masonry-constructed buildings
are considered to have a moderate vulnerability to flooding, while reinforced concrete
structures and steel/IBS structures are considered to be highly resistant to flood hazard.
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Figure 12. Examples of different building construction type and materials in Kota Bharu, Kelantan.

Steel structure buildings are buildings constructed using steelwork to form the skele-
ton frames. In contrast, IBS buildings are types of buildings that are constructed under a
well-supervised control environment. Reinforced concrete buildings are mostly constructed
using reinforced cement concrete in which steel rods are embedded. Thus, reinforced con-
crete, steel, and IBS structures tend to have high resilience to flooding because of how
they are constructed. Typically, Malaysia’s urban masonry structures are made up of a
single layer of cement bricks with reinforced concrete beams. They are considered to have
a moderate vulnerability, but they can be affected under high intensity of flooding. It
has been observed that in Kota Bharu, most of the modern urban buildings are masonry-
constructed buildings. Most of the modern structures that came into contact with water
during the 2014 flood event had a highly resistant their structural composition. Most of
the damage that is experienced by such buildings is mostly on their fittings and internal
properties. Unreinforced masonry structures are buildings where load-bearing walls and
non-load-bearing walls are made of only cement bricks. Wood structure buildings are
buildings constructed with wood or wooden parts, whether modern wooden construction
or traditional wooden construction are both product of a more intricate fabrication process
in which various wood strands, veneers, fibers, or other forms of wood are nail or glued
together to construct a building. Both unreinforced masonry structures and wood buildings
usually suffer serious consequences during flooding and thus are highly vulnerable to
flood. Similar to wood structure buildings, buildings constructed with lightweight material
are also very vulnerable to flood. In Kota Bharu suburban areas, it has been observed that
many traditional buildings are constructed with wood material and others are constructed
with both wood and masonry.

Furthermore, the level of flood damage is always associated with the type of building
material and number of floors [7,14], suggesting that the number of stories is among
the most vital indicators for building flood vulnerability. Likewise, if we acknowledge
building structures as engineering structures, the foundation strength is a direct function
of building weight, and buildings with more floors are expected to have more weight,
which makes them difficult to be washed away by floodwater. It is always assumed that
the higher the number of floors, the stronger the foundation and the ground floor. A
2006 post-flood survey study conducted in Java, Indonesia by [39] shows that single-story
buildings collapsed when the water depth is higher than 2 m, while multi-story buildings
were resistant to damage even when the water flow depth reached 4 m. Evidence from
the field study shows that most single-story buildings that are completely inundated
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by floodwater (during 2014 big yellow flood) were severely damaged, and some were
completely destroyed. From the above observations, four indicator classes are selected
based on the number of floors: single story, two stories, three-stories, and four-stories. Any
building with four or more floors is strongly resilient to flood vulnerability due to the
strength of the ground floor.

Another relevant indicator of flood vulnerability under building characteristics is the
presence of stilts or an elevated ground floor. These are poles and pillars that are used
to allow a building to stand at a distance above the ground. These buildings have their
lowest elevated floor raised above ground level by foundation walls, shear walls, posts,
piers, pilings, or columns (see illustration in Figure 13). Although there are many reasons
for these types of building construction, elevated and stilts buildings have been used in
Malaysia right from the olden days for the adaptation and mitigation of floods [42]. During
flood events, elevated buildings allow water to pass under the buildings. It has been
observed that in floodplain areas of Kota Bharu, especially along the river Kelantan, some
traditional houses are built with stilts to mitigate floods. Unfortunately, modernization
threatens this old practice and traditional lifestyle of flood mitigation. Elevated buildings
are expected to reduce flood impact. Therefore, they have low flood vulnerability as
compared to non-elevated buildings. Furthermore, information regarding ground floor
material is also relevant for building flood vulnerability assessment. In the study area, the
strength of the ground floor foundation material is broadly grouped into three different
types of materials, which are cement concrete, mixed materials, and wood.

Figure 13. An illustration of elevated and non-elevated buildings.

Another important determinant of the flood vulnerability of buildings is hazard
intensity. As earlier emphasized, a flood vulnerability assessment is hazard-dependent;
the intensity characteristics of flood hazard are essential. The collection of information
regarding flood hazard is necessary. Three flood hazard attributes (flood depth, flood
duration, and flood velocity) are rated relevant as indicators that define hazard intensity.
Therefore, hazard intensity is the function of flood depth, duration, and water velocity.
Although flood hazard probability (return period) is not considered among the indicators,
it is used as a boundary condition (flood extent) to run the vulnerability assessment. It
determines the buildings that are exposed to the hazard. Therefore, only the vulnerability of
buildings that are within the selected return period should be computed. In this study, the
100-year return period is used, which is the maximum flood that has ever been recorded
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in the study area (Kota Bharu). The selected indicators and their intensity classes are
presented below (see Table 7).

Table 7. Classification of indicators for flood hazard intensity.

Degree of Flood Intensity Flood Depth (m) Flood Velocity (m/s) Flood Duration (hours/day)

Low <0.5 <0.5 <12 h

Moderate 0.5–1 0.5–1 12–24 h

High 1.1–3 1–2 2 days

Very High >3 >2 days above

Flood depth is an essential indicator among all the selected indicators. Without
the impact of water depth, no damage is generated. An indication of how damaging
floodwaters can be depends on their depth. The selected flood depth classes are supported
by the study of [30]. It is expected that most buildings inundated with less than 0.5 m
floodwaters will stay dry. As the water level increases to 1 m, the ground floor will be
covered, affecting electric and other equipment. Therefore, evacuation may be necessary.
At 1 to 3 m, it is expected that the single-story building and ground floor (except elevated
buildings) will be inundated with floodwater. The inhabitants have to be evacuated or
move to the upper floors. Any floodwater depth of more than 3 m is classified as a total
disaster. Buildings less than two stories will be completely inundated with a very high
possibility of collapsing. Flood velocity is another consideration: flooding can be damaging
based on its depth–velocity functions. Flooding with high depth and low velocities may
cause less damage because the water is motionless or calmer (it will not generate force to
move the object). On the other hand, high velocities with low flood depths may result in
severe damage and risks to human lives and properties. High velocities and high flood
depths are expected to produce high flood damages. In most cases, low flood velocities
and low flood depths do not cause much damage, and therefore, low damage is expected.
The classes for flood velocity are selected based on the available information on the Urban
Storm-water Management Manual for Malaysia [43]. Duration of flood inundation is also
another critical indicator that determines flood hazard intensity. Extended flood durations
tend to increase the damage of buildings and other structures. The longer the duration
of the flood, the more damage it will cause to the building. This is mainly because the
structures of many properties are made of porous solid materials, such as bricks, blocks,
and concrete.

Furthermore, characteristics of the surrounding environment may reduce or increase
the intensity of flooding on buildings and other elements-at-risk. Indicators regarding
the surrounding environment are distance to water bodies, surrounding vegetation, sur-
rounding fences, and artificial drainages. However, in this study, only the distance to major
stream water bodies and proximity to main roads are rated high by the experts. This is
because indicators considered for hazard intensity have already covered the surrounding
environment’s significance. However, the distance to main streams and rivers is considered.
Since there is evidence from post-flood studies that most of the flood-affected areas in Kota
Bharu are located close to main rivers [1,30,44], therefore, the distances of buildings from
main streams and rivers should be considered as one of the indicators. The overflow of
water bodies during the flood occurrence makes the adjacent area much more vulnerable
and influences the water velocity as well. Likewise, proximity to the main road is also
considered as a flood vulnerability indicator in this study. On the one hand, roads are
a route, thoroughfare, or a way that has been built on land surfaces between places to
allow the conveyance of people and motor vehicles. However, they also serve as drainage
systems in urban areas by affecting the natural surface and subsurface drainage pattern of a
watershed. In urban areas, major roads are mostly designed with an extra objective, which
is removing excess rainwater from cities. Likewise, in Kota Bharu, it has been observed
that most of the major roads and city roads serve as artificial drainage systems that aid
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rainwater to drain out of the city. The drainage system of the roads is into two parts:
“drainage” and “dewatering”. Drainage refers to all the different infrastructural elements
to keep the road structure dry, while dewatering covers the removal of rainwater from the
surface of the road. Roads improve flood defenses by reducing the natural storage capacity
of a landscape. In this study, proximity to roads is used as a factor that determines artificial
drainage systems and artificial mitigation measures. The distance to major roads that are
designed with artificial drainage plays a vital role in mitigating the effect of floods.

Furthermore, in this study, the expert survey’s fundamental objective is to evaluate
the physical flood vulnerability indicators that affect buildings in an urban setting. As
mentioned in the methodology section, indicators for physical flood vulnerability have
different level of contribution to flood damage. It is not easy to assign a suitable weight
to the selected indicators. Indeed, assigning the weight of indicators is a very sensitive
and controversial step in developing the vulnerability index [45,46]. In this study, a
weighting (Analytic Hierarchy Process) approach that allows expert participation is utilized
to assign the weight of importance to the indicators. The whole idea of the process is to
obtain the final response through the consensus of participating experts. In this situation,
the participating experts determined the indicators to be included in the vulnerability
assessment and their weights of vulnerability contribution. The stakeholders’ sense of
ownership is likely to be improved through this approach, increasing the possibility that
the results will be used.

5. Conclusions

This paper modeled the building vulnerability index using an indicator-based ap-
proach. It is a creative way to produce a flood vulnerability map, particularly at the details
level. The model developed in this study is for non-monetary flood vulnerability assess-
ment that provides a scale of flood vulnerability to element-at-risk. In anticipation of a
flood disaster, the flood vulnerability index model developed in this study can be used to
prevent significant losses.

Some of the disaster risk and vulnerability frameworks considered vulnerability to be
independent of the magnitude of the hazard that was composed solely of susceptibility
due to the element-at-risk characteristics. However, this study considers vulnerability
to be a composition of both the inherent characteristics of elements-at-risk and hazard
intensity. The benefit of a hazard-dependent vulnerability assessment is that it can be used
to reduce the impact of floods by providing crucial information for strategy development
and planning. One such piece of crucial information is to know the type of structural
development that should or should not be allowed in an area with a certain probability of
hazard intensity. Eliminating natural hazard is almost impossible and costly. Therefore,
exposed communities must learn to live with it by developing adoption and copying
capabilities, especially now that it has been proven that the magnitude and frequency
of climate-related hazards are rising. The flood vulnerability modeling approach in this
study can be utilized as a basis for decision making on flood proofing of buildings. Such
a decision includes ensuring that all buildings within the flooding expected areas have a
flood vulnerability index of less than a certain threshold. It can be achieved by replacing or
renovating building structures that are highly susceptible to flood in the high hazard area.

The objective of national flood mapping in Malaysia is to have comprehensive flood
risk models for future prediction, implementation of the mitigation project, and appropriate
emergency response plans. Although this study is limited to a 100-year flood-return
period, the basis for modeling flood vulnerability for the other flood-return period is
provided. Likewise, the study explores the spatial distribution of flood vulnerability to
urban buildings at risk, establishing a baseline to assess flood disaster risk. A high flood
vulnerability to a building may be caused by a lack of drainage facilities, closeness to
some natural drainage system or environmental settings, and its intrinsic characteristics.
Evaluating these factors using the index model provides a simple answer to why some
buildings are susceptible more than others.
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