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Flooding has become an emerging global catastrophe, generating considerable damage to both infrastructures
and lives. Despite the critical need for quantitative assessments of both flood damage and the effectiveness of
flood mitigation measures, most existing studies have focused on isolated aspects of flood risk. Only a very
limited number of studies have comprehensively integrated hazard mapping, hydrodynamic simulations, and
economic damage estimations to evaluate the real-world impact and effectiveness of flood mitigation measures
(FMMs). This study presents a multi-method approach to evaluate the performance of such established structural
FMMs. Initially, hazard assessments for two selected case study areas, the Colombo Metropolitan Area in Sri
Lanka and Auckland, New Zealand, two flood-prone cities with contrasting geographical contexts. Flood inun-
dation mapping for the Madiwela South Diversion, Colombo, Sri Lanka, was performed using hydrodynamic
modeling to demonstrate the reduction in flood inundation area and depth after the implementation of the
measure, considering six (6) design return periods (RPs). Subsequently, tangible and intangible property damage
estimations for “without FMMs” and “with FMMs” were evaluated to identify the benefit of responding to flood
conditions, utilising a vulnerability-based economic analysis. In addition to damage estimations, the study adopts
a novel approach by conducting an investment viability analysis to find the Benefit-to-Cost ratios and Net Present
Value of nine (9) selected FMMs implemented by Sri Lanka Land Development Co-operation (SLLDC). The FMMs
implemented by SLLDC were selected from Colombo, Sri Lanka. The quantified damage estimates revealed a
reduction in flood damages ranging from 39 % to 63 %, alongside a decrease in flood inundation depths between
9 % and 12 %, and the results underscore the significant effectiveness of FMMs in managing urban flooding and
minimising its impacts. This cross-disciplinary methodology enables a transferable framework for resilience-
oriented urban planning in diverse hydrological and geographical contexts.

1. Introduction

Flooding has emerged as the most frequent and significant cata-
strophic event among devastating natural disasters, causing consider-
able destruction in urban environments in a global context. The limited
infiltration in urban areas [1], exacerbated by the impacts of climate
change and rapid urbanisation, has intensified urban floods, presenting
significant challenges for built environments [2]. Urban flooding is
commonly caused by intense precipitation that exceeds the drainage
capacity of a basin. This results in the impoundment of water in drainage
networks, leading to a sudden surge of water flow at the basin outlets
[3]. Such events can cause significant damage to the surrounding areas
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and infrastructure [4]. Urban infrastructure developments continuously
reduce the percentage of pervious ground surfaces, interrupting natural
infiltration and resulting in inadequate drainage capacities with altered
natural runoff ways [5]. These altered environmental conditions lead
rapidly developing urban areas to a highly vulnerable state due to
emerging environmental concerns and natural disasters, including
flooding [6]. Historical events like Hurricane Helene-induced floods in
September 2024, which caused severe damage to the city of Asheville,
North Carolina, provide evidence of the destructive nature of urban
floods [7], where economic, transportation, commercial, social, and
health sectors constitute major problems, including life losses [8].
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(CSIRO) announced that the Asian continent is the most often and
severely impacted continent due to extreme flooding. Similarly, coun-
tries like Austria, Australia, China, Italy, New Zealand, the UK, and the
USA also faced several unexpected extraordinary flood conditions
throughout 2020-2023, which highlights the intensification of urban
floods in terms of occurrence frequency and intensity [9]. Within the
past decade, consecutive severe flood events occurred in Sri Lanka, and
the Colombo District was extremely impacted by these unexpected
floods, leading to considerable property and life losses [10]. Statisti-
cally, in the Colombo District alone, 1.52 million people were impacted
by floods between 1980 and 2019, where 52.75 % of these floods
occurred within the past decade [10]. Further, in 2023, Auckland, New
Zealand, also faced two catastrophic flood events of unprecedented
levels as a result of Auckland Anniversary Day storms and ex-Tropical
Cyclone Gabrielle, increasing the damage values ten (10) folds
compared to previous flood events, and they were recorded as 200-year
return period (RP) events [11].

Evidence from these extremely destructive events attracts global
attention towards the need to address the prevailing gap to safeguard
built environments and human beings, surpassing complex geographical
and hydrological conditions in urban environments [12]. Damage esti-
mations due to flooding should be calculated in monetary terms to have
a holistic view of flood damage. It can be executed utilising vulnerability
curves developed for the area [13]. Based on damage estimations and
urban flood assessments (UFA), innovative strategies and frameworks
should be formulated under urban flood risk mitigation [14]. These
assessments include both qualitative and quantitative methodologies,
aiming to accomplish the primary objective of identifying and analysing
the current perceptions of flood risk while generating future flood risk
data [15]. Hazard maps generated utilising various satellite data and GIS
techniques [16], were used in formulating effective strategies to
enhance resilience and mitigate the effects of floods [15]. Resilience is a
term that is continuously evolving as the central theory in many study
areas. It refers to a system’s inherent capability and characteristics to
withstand a disturbance and to establish a rapid recovery process
[17-20]. Urban environments, including infrastructure, should possess
the capability of resisting the risk challenges by transferring to active
resilience rather than traditional passive risk control techniques [17,
18]. Thus, the construction of effective Flood Mitigation Measures
(FMMs) will act as a major solution for improving active resilience in
flood-susceptible cities.

Similarly, a significant amount of research work has been conducted
on flood modelling (FM), where FM is essential to understand the flood
risk and simulate flood conditions [21] under changing topographical
and hydrological conditions. Improving flood mitigation plans in
ensuring better risk management includes the establishment of both
structural and non-structural FMM [22]. Thus, accurate flood simula-
tions enable the design of systematic structural and non-structural
strategies in flood mitigation and management [23] within
flood-prone areas, which will increase the flood resilience of urban cit-
ies. Common structural FMM includes dam breaching control, canal
improvements, the establishment of pumping stations, and river channel
clearing, while non-structural measures include warnings, evacuations,
and reservoir regulation [22]. Several studies have explored mitigation
strategies and structural vulnerability, particularly in both coastal and
urban environments. The Florida Public Flood Loss Model (FPHLM) [24]
predicts aggregated insured losses combining a hazard model, vulnera-
bility model, and an actuarial model. The workflow of the model moves
from the identification of hazard intensities and their conversion to
insured losses and damage ratios at the final stages [25]. In the study
[26], the FPHLM hazard model is utilised in identifying building dam-
ages in coastal areas at different flood wave scenarios compared with the
Hazards U.S. Multi-Hazard (HAZUS-MH) model. The Florida Commis-
sion on Hurricane Loss Projection Methodology (FCHLPM) is another
approach that is used to generate reliable projections of hurricane losses
and flood losses in residential properties. Despite these studies,
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comprehensive evaluations integrating hazard mapping, evaluation of
flood damages, and inundation depths connecting with FMMs, to check
their efficacy were very limited, and that gap was aimed to be filled
within the study.

As mentioned, a significant number of studies have focused on in-
dividual aspects of flood risk, such as hazard mapping, hydraulic
modelling, or economic damage assessments, but there is a lack of in-
tegrated frameworks combining above mentioned individual aspects,
that evaluate the combined physical and financial benefits of FMMs.
Addressing this gap, the study presents a novel methodology that links
flood hazard mapping, hydrodynamic modeling using Hydrologic
Modelling System (HEC-HMS V4.12) and River Analysis System (HEC-
RAS V6.6) software, and vulnerability-based flood damage estimations.
Furthermore, as a unique aspect of the study, it incorporates an invest-
ment viability analysis to provide a financial justification of imple-
mented FMMs.

As an application of the methodology, two hazard assessments were
conducted for two case study areas, Colombo, Sri Lanka, and Auckland,
New Zealand. These assessments were performed utilising ArcGIS Pro
V3.3 software (ESRI, USA), considering Elevation, Slope, Land use
(LULQ) patterns, Drainage Density, Proximity to River, Soil type, and
Rainfall as flood susceptibility factors within the considered urban en-
vironments. For Colombo, flood inundation maps were generated for
“without FMM” and “with FMM” scenarios, to evaluate the effect of
FMM in flood inundation depth and extent reduction. It was conducted
and presented as a pilot study for Madiwela South diversion, utilising
the Hydrologic Engineering Centers (USACE, USA) hydrologic/hydro-
dynamic model combination with HEC-HMS V4.12 and HEC-RAS V6.6
software. The resulting flood depths and extents were used to estimate
tangible and intangible damages under varying return periods through
vulnerability curves. The calculated values were used to evaluate the
economic soundness of nine (9) FMMs implemented by the Sri Lanka
Land Development Cooperation (SLLDC) in the Colombo Metropolitan
Area, Sri Lanka. This study was conducted for the selected areas and
FMMs as a preliminary application, and it can be applied for any global
scenario to reveal insights into the effect of urban floods, as well as to
assess the suitability of proposed FMMs in considered study areas,
focusing on their efficiency in flood damage reductionThis addresses the
critical gap created by the lack of a well-structured methodology for
assessing FMMs, thereby supporting the decision-making process in
achieving urban flood resilience.

2. Materials and methods
2.1. Case study area 1 — Colombo metropolitan area, Sri Lanka

Colombo Metropolitan Area extends from latitude 6° 43' 00" N to 6°
58' 00" N and longitude 79° 50' 00" E to 80° 00' 00" E, and a part of the
research area belongs to the downstream of Kelani River Basin, which is
the fourth largest in Sri Lanka with a varying annual rainfall of 2,500
mm to 5,500 mm. Out of the total land extent covering Divisional
Secretarial Divisions (DSDs) of Colombo, Thimbirigasyaya, Dehiwala,
Moratuwa, Kesbawa, Rathmalana, Maharagama, Kaduwela, and Kotte of
27,165 ha is shown in Fig. 1.

These areas experience rains mainly due to the South-Western
monsoon from May to September and inter-monsoons from March to
April and October to November. Both authorised and unauthorised
development initiatives, waste dumping to canals, backwater effects,
irregular canal maintenance, and wetland filling result in an increase in
hindered infiltration and disruptions to the natural and man-made
drainage and runoff paths, leading to flow stagnation and accumula-
tion in low-lying surfaces. Furthermore, being downstream of the Kelani
River basin, the northern part of the research area is also subjected to
riverine flooding caused by heavy precipitation events in the upstream,
increasing the tendency of getting flooded. Due to these scenarios, the
ability to resist higher precipitation events within the study area is
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Fig. 1. Case study area 01: Colombo metropolitan area, Sri Lanka, used for flood hazard mapping.

reduced, leading to frequent flood events.

2.2. Case study area 2 — Auckland, New Zealand

Auckland, New Zealand, situated between latitude 36° 50' 00" S and
37° 05' 00" S and longitude 174°35' 00" E and 174° 50' 00" E (Fig. 2),
covers a significant area, including the central business district and
surrounding suburbs of New Zealand. This region experiences a
temperate maritime climate with relatively mild temperatures year-
round. Auckland’s rainfall is distributed fairly evenly throughout the
year, with an average annual precipitation of approximately 1,300 mm.
The city’s climate is influenced by its proximity to the Tasman Sea and
the Pacific Ocean, leading to moderate rainfall and occasional heavy
downpours. In January 2023, Auckland faced severe flooding due to
intense and persistent rainfall from ex-Cyclone Hale, which led to
widespread damage, including road closures and property damage.

2.3. Methodology

The overall methodology of the study is illustrated in Fig. 3 and is
composed of 4 sub-studies to generate a comparison between the “with
FMM” and “without FMM” scenarios under different flood inundation
depths and flood damage. The methodology is subsequently further
extended with an investment viability analysis considering the calcula-
tion of the Benefit-to-Cost (B/C) ratio and Net Present Values (NPV) of
the currently implemented FMM by SLLDC. The sub-methodologies for
hazard assessment, flood-inundation mapping, damage estimations, and
investment viability are detailed in the following sections.

2.3.1. Hazard assessment
The study identified the frequently used urban flood susceptibility
factors as Slope, Elevation, Proximity to River, LULC, Curvature, Rain-
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fall, Soil Type, Drainage Density, and others [27]. Through an investi-
gative study conducted in two pilot research areas, susceptibility factors
leading to increased UFs were identified, and thematic maps were
created to represent the influence of each factor using DEMs and other
remote sensing data. Table 1 shows data sources and the resolution
levels of different data sources that were utilised to generate distinct
thematic maps. Normalised weights were allocated to each influential
factor, and scores were allocated to sub-classes under each factor
depending on their percentage of influence on urban floods. By merging
generated thematic maps together, the overall hazard index for the study
areas was calculated using Equation 1 [28], based on which the hazard
maps were created subsequently, following:

Flood Hazard = Z WX; (€8]
where W; is the weight of factor i and X; is the sub-class rating of factor i.

As the next step of the approach, research areas were divided into
four (4) zones based on the computed hazard index and maps, each
representing different levels of flood risk: extremely high, high, mod-
erate, and low. To assign weights to selected factors, a normalised
relative weighting method using an Analytical Hierarchy Process (AHP)
pairwise matrix was used. This approach can be utilised to make a series
of complex decisions, eliminating biases as it assesses the consistency of
results [29]. This process was conducted in a Geographic Information
System (GIS) environment with the help of ArcGIS Pro spatial data
processing software.

2.3.2. Flood inundation mapping

The flood inundation maps were generated considering two sce-
narios, “without FMM” and “with FMM”, to examine the reductions in
flood inundation depths after the implementation of FMMs. As the
application, the selected FMM is the Madiwela South Diversion,
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Fig. 2. Case study area 02: Auckland, New Zealand, used for flood hazard mapping.

Colombo, Sri Lanka. The catchment area of the Madiwela South Diver-
sion is the upstream part of Parliament Lake, having an area of 19.32
km? within Kotte and Maharagama DSDs (Fig. 4). The catchment was
stimulated for precipitation events with different RPs of 2-year, 5-year,
10-year, 25-year, 50-year, and 100-year. The balanced storm data were
produced by Intensity-Duration-Frequency (IDF) curves developed for
Colombo as described by using HEC-HMS V 4.12 software [30]. The
HEC-HMS software is publicly available and was developed by the Hy-
drologic Engineering Center of the U.S. Army Corps of Engineers. It is a
hydrological model that supports both lumped and distributed
parameter-based modelling [31] and possesses mathematical models in
simulating the precipitation runoff-routing processes of dendritic
watershed systems [32]. The basin model, which is a representation of
real-world hydrological phenomena of the catchment area, was devel-
oped, incorporating the Soil Conservation Service (SCS) curve number
method as the loss method, SCS unit hydrograph method as the trans-
form method, recession method as the base flow method, and lag
method as the routing method. The HEC-HMS model was calibrated,
validated, and applied to generate runoff for the basin.

The HEC-RAS V6.6 software was utilised to determine flood-
inundation areas and depths relative to mean sea level (MSL) under
both 1D and 2D conditions. HEC-RAS software is a commonly applied
open-source software developed by the Hydrologic Engineering Center
of the U.S. Army Corps of Engineers [33]. It is used in both commercial
and government sectors for flood simulations, flood risk modelling, and
predictions [34]. The HEC-HMS model outputs and HEC-RAS models are
directly coupled together through standardized Data Storage System
(DSS) files [33]. The streamflows generated for different return periods
using the validated HEC-HMS model are directly imported to HEC-RAS
as inflow hydrographs as upstream boundary conditions for both 1D and
2D unsteady flow simulations. This interoperability enables efficient
scenario analysis as the study is conducted for several return periods for
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the same catchment, where adjustments to rainfall in HEC-HMS are
automatically reflected in HEC-RAS simulations without the need for
manual data transfer. This makes the application of HEC software
particularly advantageous over other modeling approaches like MIKE
FLOOD, which are not open-source, with high computational demands
and additional integration steps, as it offers a flexible, cost-effective, and
reproducible solution for urban flood modeling across different return
periods.

To digitise the output data of flood depths and extents and represent
the catchment topography, HEC-GeoRAS and RAS Mapper were
employed. HEC-GeoRAS, an extension of ArcGIS software, was initially
developed through a research collaboration between the Environmental
Systems Research Institute (ESRI) and the HEC. This extension permits
the creation of engineering data related to rivers, which is subsequently
transferred to HEC-RAS. Using this data, HEC-RAS develops a map that
displays the speed of water current and flood information within the
considered drainage basin [35]. Using the developed models, the “with
FMM” and “without FMM” alternative conditions were simulated, and
inundation depths were obtained.

Initially, HEC-RAS modelling was conducted for “without FMM”
conditions, and flood inundation depths were simulated for a 1D/2D
unsteady flow environment. For 2D simulations, initially, a 2D compu-
tation mesh was generated, with a closed polygon having computation
cells inside the domain, and for 1D analysis, a cross-section processing
was executed. Considering the boundary conditions for both upstream
and downstream in the simulations, the flow hydrographs generated
using HEC-HMS were imported into HEC-RAS via DSS (Data Storage
System) files and applied as upstream boundary conditions, enabling
direct and dynamic integration between the two models. For the
downstream boundary, normal depth under gravity flow was imposed
for both 1D and 2D unsteady flow simulations. The roughness resistivity
was estimated based on different land use patterns available within the
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area using Landsat 8 imagery processing and applying ArcGIS Pro soft-
ware, and Manning’s roughness value was calculated. Further, model
stability was established using calculated time steps according to the
Courant-Friedrichs-Lewy condition. The model was simulated under
unsteady flow conditions, and flood inundation depths for each hour
were obtained.

In this study, the HEC-HMS model was driven by synthetic rainfall
derived from IDF curves for multiple return periods, making traditional
calibration against observed streamflow infeasible. To improve model
reliability, parameters, including Curve Number (CN), initial abstraction
ratio, impervious percentage, lag time, and baseflow recession constant,
were adopted considering the comparable urbanized setting and
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hydrological response characteristics of the Lower Kelani River Basin
[31,32]. HEC-RAS calibration was conducted separately for 1D and 2D
simulations. For the 1D model, Manning’s roughness coefficients
(0.035-0.060) were refined based on land use classifications, and a
normal depth (0.005) boundary condition was applied using slope
values derived from the digital elevation model. The 2D model cali-
bration involved spatially varying roughness assignments, mesh reso-
lutions, and dynamic time step selection based on the
Courant-Friedrichs-Lewy condition to ensure numerical stability.
Further, model sensitivity was assessed by varying key model parame-
ters within plausible ranges to evaluate their influence on discharge and
flood depth. The analysis revealed that outputs were most sensitive to
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Table 1
Remote sensing data sources used for flood hazard mapping and resolution
levels.
Data Source Resolution Level
Requirements
Slope USGS Earth Explorer: https://eart 30-m cell size

and Elevation

hexplorer.usgs.gov/

resolution

Shuttle Radar Topography Mission
(STRM) DEM Data, SRTM 1 Arc-second
Global coverage

Landcover https://livingatlas.arcgis.com/landcove 10-m cell size
rexplorer resolution
ESRI Sentinel 02 LULC data

Soil Types https://www.fao.org/soils-portal/data-h 5-arc minute cell
ub/soil-maps-and-databases/ size resolution
Food and Agriculture Organization
(FOA)-UNESCO, Digital Soil Map of the
World (DSMW), updated in 2023

Drainage USGS Earth Explorer: https://eart 80-m cell size

Density hexplorer.usgs.gov/ resolution

Landsat 8 collection Level 2 DEM data

the CN in HEC-HMS and the downstream normal depth boundary con-
dition in HEC-RAS. Given the integrated nature of the HEC-HMS and
HEC-RAS modeling framework, system-level validation was performed
using simulated flood inundation depths. This approach ensured that the
coupled model reliably captured the rainfall-runoff and flow routing
processes across the study domain. Validation was conducted for the
50-year RP at the Madiwela South Diversion and cross-compared with
MIKE 11 model results currently used by the SLLDC. Objective functions,
including Nash-Sutcliffe Efficiency (NSE) and Root Mean Square Error
(RMSE), demonstrated strong agreement as in Section 3.2.

Resilient Cities and Structures 4 (2025) 117-131

2.3.3. Flood damage estimation

This section of the study examines hypothetical damages that could
occur due to flood conditions, with rainfall levels with different RPs in
monetary terms. The two main (2) factors that were considered under
damage calculations were inundation depths and inundation extents;
depending on those two prioritized factors, tangible and intangible
damages due to flooding were calculated. Damage estimations were
calculated for two (2) different scenarios, “without FMMs” and “with
FMMs”, under RPs of 5-year, 10-year, 20-year, and 50-year for different
inundation areas. The two scenarios demonstrate the flood damage
before implementing FMMs and after implementing FMMSs, which can
be utilised to identify the damage reduction after implementing FMMs.

To demonstrate the methodology, the implemented structural FMMs
by the Urban Water Management Division of the SLLDC were consid-
ered. Those interventions can be summarized under canal improve-
ments, new canal developments, drainage network improvements,
pumping station installations, wetland degradation, and some Blue and
Green Infrastructures, as in Fig. 5.

Additionally, to increase the accuracy of calculations, damage esti-
mations were further divided into two subclasses: favourable and
unfavourable conditions. The favourable condition was considered
under low tide levels with less rainfall for the upper catchment area of
the Kelani River Basin. Unfavorable conditions were considered vice
versa, which led to an additional increase in flood levels in the consid-
ered case study area. The inundation data were collected from a previ-
ous flood study [36], and the value at risk was extracted from the other
available sources [37], for Western Province, Sri Lanka. To calculate
damages, the main damage categories were selected as residential
buildings, warehouses, industrial buildings, offices, shops, schools,
hospitals, other infrastructure, and vehicles. They were selected based
on a detailed assessment of the Colombo study area to ensure
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Fig. 4. Catchment for Madiwela South Diversion, Colombo, Sri Lanka, used for flood inundation mapping using HEC-RAS as a case study.
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Fig. 5. Structural interventions implemented by SLLDC as flood mitigation measures at Colombo, Sri Lanka (a) St. Sebastian Canal (b) Madiwela East Diversion (c)

Pumping station at unity place (Images from Urban Water Center, SLLDC).

comprehensive representation of the built environment and critical as-
sets exposed to flood risk. Buildings were categorized under
Single-storeyed and Two-storeyed, accounting for both content damage
and structural damage. Damage fractions were extracted from generated
flood vulnerability curves (Fig. 6) for Colombo, Sri Lanka, under varying
inundation depths as in [38]. Vulnerability curves are empirical models
derived from post-disaster damage assessments, insurance claims, en-
gineering models, or a combination of these three [25]. These vulnera-
bility curves, which were developed for Colombo, enable the ability to
execute accurate damage estimations by capturing the unique structural,
socio-economic, and land-use characteristics present within the catch-
ment. The localized calibration enhances the reliability of depth-damage
relationships compared to generalized or globally derived functions,
thereby improving the relevance and precision of the economic loss
assessment. Further, to incorporate damages to intangible assets and
economic losses, a multiplication factor of 1.5 [39] was used to adjust
the estimated damage. Vilier [40] introduced an additional 0.25 factor
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to capture business interruption as an indirect damage, but did not
consider human damage (fatalities). Further, a cost-benefit analysis
conducted specifically for the Colombo metropolitan area applied a
range of multiplication factors from 1.1 to 1.5 for indirect losses. Given
the urban morphology of Colombo, characterized by relatively shallow
inundation depths, flat terrain, and dense population clusters,
flood-related fatalities are considered negligible, yet the socio-economic
disruptions remain significant [39]. Thus, the use of the 1.5 multiplier
reflects an upper-bound yet contextually appropriate estimate that en-
compasses both direct damages and broader non-structural impacts
relevant to frequent urban flood events. The damage values were esti-
mated using Eq. (2) as per [39].

> Sy fildny
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In the equation, S; is the value of the risk, where i refers to different
main damage categories as mentioned, f;(d;) is the damage fraction for
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Fig. 6. Vulnerability curves for Colombo, Sri Lanka (a) building structure damage curve (b) building content damage curve (c) vehicle damage curve (d) temporary

structures damage curve [38].
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various elements (j) under main damage categories [35], and n; is the
elements at risk. A main damage category was subdivided into several
elements to increase the accuracy in allocating acceptable damage
fractions. For example, residential buildings were subdivided as: Tem-
porary structure (structural damage), Temporary structure (content
damage), Single-storey structure (structural damage), Single-storey
structure (content damage), Two-storey structure (structural damage),
and Two-storey structure (content damage). Similarly, all nine (9) main
damage categories were subdivided to generate fifty (50) elements, and
those were allocated with damage fractions considering the flood
inundation depths utilizing vulnerability curves as per Fig. 6. The
calculated flood damages were utilized to calculate the annual estimated
flood damages (EAD) from Eq. (3) [39], considering different RPs,
having p as the exceedance probability (1/T) and pmex as the largest
exceedance probability.
"Pmax
FAD — / Damage(p)dp 3)
0

These equations were numerically solved to estimate the flood
damage at different RPs for corresponding inundation depths. The
inundation depths were based on past flood occurrences in the research
area. The same procedure was applied under the “with FMMs”, and the
damage values were calculated. A comparison of two scenarios was
undertaken to evaluate the effects of flood mitigation measures on
damage reduction.

2.3.4. Investment viability analysis

As the final sub-study of the main study, an investment viability
analysis was conducted to identify another criterion to check the
effectiveness of the considered FMMs. The projects that the SLLDC has
already implemented from 2000 to 2022 for flood mitigation in the
Colombo Metropolitan Area were considered, and project cost data and
project maintenance cost data were collected from the SLLDC. In
calculating the benefit of FMMs, a 50-year RP event was considered.
Flood damage was calculated utilizing Eqgs. (2) and (3) as in Section
2.3.3. for “with FMMs” and “without FMMSs”, and the difference in the
damage was considered as the acquired benefit from the considered
FMM [41]. Nine (9) FMMs were considered in the study, and the
reduction of flood damage was calculated for each FMM in monetary
terms, individually considering the flood inundation depths for a
50-year return period flood under “without FMM” and “with FMM”
scenarios. Integrating project cost, maintenance cost, and project
benefit, the B/C ratio for the project’s Net Present Value (NPV) was
calculated utilizing Eqs. (4) and (5) as in [42]:

. (xEADr, I
NPV,, = PV(B, ) — Z ‘” Z ”” £+ Tops
= 1+ r) =1
(C))
<EADr, l)
yor (o)
—Ratio p; = et @t )
C (Meps) I
Zt 1 l+r’ + 0ps

where, NPV, is the net present value of the protection standard, which
refers to the considered structural FMMs, PV (B, ) is the present value of
the benefit achieved through implementing those measures, and
PV(Cps ) is the present value of the project cost. The multiplication
factor (o« = 1.5) is used to account for the damage caused to intangible
assets, ESDr p is the estimated annual damage for each year throughout
the project’s lifetime, M, s is the maintenance cost for T years, and I ;s is
the investment cost for the protection standard. A lifespan (T) of 30
years was considered as the project life as per SLLDC project reports, r is
the discount rate (10 %) along with value depreciation at a rate of 6 %.
Benefits acquired from each FMM were represented by the sum of the
EAD, for each time-step t, over the total lifespan of 30 years. Considering
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the time value of money, with the changes in the economic value of the
country, the acquired benefit values were accounted for a 6 % increment
for each year relative to the economic regression in Sri Lanka. Under this
criterion, a higher NPV and B/C ratio indicate a greater financial
viability and profitability of the investments. A higher NPV suggests that
the expected benefit of FMMs has exceeded the initial and ongoing
maintenance costs, making it a financially attractive option. Similarly, a
higher B/C ratio, which represents the proportions of benefit over costs,
indicates that flood mitigation projects yield substantial returns relative
to the project’s initial and maintenance costs. Thus, using these two
indicators, a more economical FMM can be justified.

3. Results and discussion
3.1. Hazard mapping

Hazard Mapping for Colombo, Sri Lanka, and Auckland, New Zea-
land, was conducted to identify the factors that increase the hazardous
nature within the study areas as mentioned in the pairwise comparison
matrix methodology, utilising AHP. Each developed thematic map layer,
such as elevation, slope, LULC, proximity to rivers, drainage density,
rainfall, and soil type, was given a normalised weight, and by merging
all the weights using ArcGIS Pro (V3.3) software, flood hazard maps
were developed for both the study areas to identify the most hazardous
locations. Fig. 7 shows the hazard map for Colombo, Sri Lanka.

To generate the multi-criteria analysis, factors were allocated with
normalised weights considering their level of influence through an AHP
pairwise comparison matrix, and sub-classes were allocated with sus-
ceptibility sub-class ratings (SR). Using the created thematic maps, the
influence of each factor in increasing flood susceptibility at different
sub-classes was checked. Considering elevation, the total research area
was divided into 4 sub-classes: 0-5 m, 5-10 m, 10-20 m, and above 20
m. In general, 36 % of the area falls in the range between 0-5 m and 20
% of the area within 5-10 m, showing low elevation conditions. Simi-
larly, a slope analysis for the area was conducted considering 4 sub-
classes, and the area showed a predominantly flat terrain leading to
very mild slopes, with 82 % of the area having a slope of 0°-5°. Both
factors of low elevation and having a mild slope within the case study
area restrict the gravity flow, prompting surface flow accumulations
leading to flooding. Thus, under the AHP analysis, when allocating SR
for factors of elevation and slope, lower values were given a higher
rating of five (5) or four (4), and higher values were given a lower rating
of two (2) or one (1). The LULC was identified as another main influ-
encing factor that increases flood susceptibility. The total research area
was classified under 5 sub-classes: water bodies, built-up areas, agri-
cultural areas, trees or bare lands, and wetlands. From the thematic map
for LULC, 85.6 % was identified as built-up areas, converting pervious
surfaces to impervious, reducing infiltration ability. Thus, a higher SR
was given to water bodies and built-up areas, and the lowest to wetlands,
as they contribute as retention ponds for flooding. Drainage Density
within the area was classified as moderate, having a value range from
0.03-0.14 km/km?, showing a moderate runoff potential. Considering
the Proximity to River, the northern part of the case study area shows a
very close proximity to the Kelani River. To identify mostly affected
areas, the total case study area was classified under the main 4 buffer
zones, as 0-200 m, 200-500 m, 500-750 m and above 750 m, and SRs
were given from the lowest buffer to highest buffer as highest value to
lowest value, considering the ability to undergo a flood condition, 8 % of
the area was identified within the range of 0-200 m and 12.3 % in
200-500 m. Further, soil type was also considered an influential factor
due to the variation of infiltration ability with the type of soil. The
classification was executed under five (5) soil types. Still, only two (2)
main soil types were found in the case study area as red-yellow podzolic
soils (63.2 %) with either soft or hard laterite and the rest as alluvial
soils. Considering the rainfall conditions, five (5) main precipitation sub-
classes were created and allocated with SR, as very heavy rain (>100
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mm/day), heavy rain (50-100 mm/day), moderate rain (20-50 mm/
day), light rain (5-20 mm/day) and very light rain (< 5 mm/day). It was
identified that in the months of May to September, the research area
experiences high or extremely high precipitation events, while for other
months of the year, precipitation events lie mostly within the range of
20-50 mm/day. Thus, several precipitation events were considered.
Utilising normalised weights and SR, normalised sub-class weights were
calculated, and Eq. (6) was generated to identify the flood hazard in the
research area based on Eq. (1).

Flood hazard = 0.325 x (Slope) + 0.26 x (Elevation) + 0.158 x (LULC) +
0.131 x (Proximity to River) + 0.042 x (Drainage Density) + 0.075 x
(Rainfall) + 0.028 x (Soil Type) 6)

Considering the Sri Lankan condition, when the rainfall exceeded
100 mm/day, the percentage of moderate hazard area was 47.55 %, and
the high hazard area was 11.36 %. This indicates that, during higher
precipitation events, more than 50 % of the total research area has a
probability of undergoing flooding. Common features that were inves-
tigated as reasons for having a high flood hazard level were high built-up
area density, low proximity to the Kelani River, and having a land slope
of less than 5°. An increase in built-up area density will reduce the
infiltration ability and increase the flow accumulations, and a reduced
slope will affect the speed of runoff; a reduced slope will minimise flow
velocities and increase flow accumulations.

Having a low proximity to the Kelani River directly influences flood
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occurrences. Thus, areas near the Kelani River undergo riverine floods
with the increased water levels in the river. Further, it was seen that
Colombo, Kaduwela, Kolonnawa, and Kesbawa DSDs are the most haz-
ardous DSDs due to flooding, and this can be justified through the
number of flood occurrences in the past decade according to census
report by the Department of Census and Statistics, Sri Lanka, where
those DSDs faced 30, 30, 40, 42 floods respectively. Similarly, a study
[10] had shown that the highest economic damages and loss of life were
found in Kolonnawa and Kaduwela DSDs from past flood events like the
2016 Colombo Floods. Further, generated hazard maps showing the
areas with different hazard levels can be utilised to identify the areas
that should be given higher attention when structural or non-structural
FMMsare implemented.

Similarly, hazard mapping (Fig. 8) was conducted for Auckland, New
Zealand, and divided the whole area into 4 main hazard classes: safe,
low hazard, moderate hazard, and high hazard. From the generated
thematic maps, it was identified that the elevation of the area shows a
considerable variation from 0 m to 750 m due to mountainous features,
but the Auckland city limits are within the elevation range of 15 m to 35
m, allowing the flow towards the city from elevated locations.

Considering the height ranges, the area was divided into 5 sub-
classes as 0-20 m, 20-40 m, 40-60 m, 60-100 m, and above 100 m to
allocate SR, and these divisions were created considering the most
affected areas in the 2023 Auckland flood conditions. Similarly, slope
analysis was also conducted focusing on 4 sub-classes and found that
28.6 % of the total land area was in the slope range of 0°-15°, which was
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allocated with the highest SR due to increased flow retentions. Further,
hilly areas within the research area had a steep topography of slope 45°-
60°, resulting in a higher surface flow towards the mild-sloped city area,
leading to pluvial floods. Considering the LULC, the classification was
conducted similarly as in case study 01, and 21 % of the total land extent
was identified as a built-up area, highlighting higher built-up area
density in Auckland city limits. Then, considering the Drainage Density,
56 % of the area fell under 0.04-0.08 km/km?, having a low Drainage
Density value, highlighting its reduced influence in Auckland flooding.
Correspondingly, Proximity to River and Soil Type maps were also
generated, and SR was allocated. In generating the Proximity to River
map, the approach under case study 01 was used to identify the buffer
zones and identified that 16 % of the area lies in the range of 0-200 m,
showing higher susceptibility to flooding. Similarly, utilising normalised
weights and allocated SR, normalised sub-class weights were calculated,
and Eq. (7) was generated to identify the flood hazard in Auckland, New
Zealand.

Flood hazard = 0.238 x (Slope) + 0.246 x (LULC) + 0.218 x (Elevation)
+ 0.182 x (Proximity to River) + 0.095 x (Rainfall) + 0.012 x (Drainage
Density) + 0.01 x (Soil Type) 7)

The hazard extents were as in Fig. 8, and the percentage extents of
the hazard classifications are 22 %, 17 %, 36 %, and 25 %, respectively,
for extremely high, high, moderate, and low. From the analysis, it was
identified that the Auckland city area has a high hazard level compared
to other areas in the region. The main reasons for having high hazard
levels in the city area can be justified by the higher built-up area density
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reducing infiltration, proximity to several river networks, and low
elevation and slope within the region, allowing all runoff volume to
drain towards the city, similar to the 2023 Auckland floods.

As an expansion of the study, this approach can be applied for similar
hazard map generation to other cities that are facing substantial flood
risks, like Mumbai in India, Jakarta in Indonesia, and Barcelona in
Spain. These cities share common flood-susceptibility characteristics,
including a high density of built-up areas, proximity to rivers or coastal
areas, and variations in slope and elevations, causing flow accumula-
tions and reducing infiltration abilities. Changes in climate conditions
resulting in unexpected precipitation levels have aggravated flood oc-
currences in terms of both the means of extent and frequency. Thus, by
applying similar multi-criteria hazard mapping, city planners can
identify the critical spatial extents of urban flooding.

3.2. Flood inundation mapping

Using the HEC-RAS software and RAS Mapper, inundation depths
with respect to mean sea level (MSL) and inundation extents were
generated for different RPs. To increase the accuracy of the analysis,
specific locations were defined using profile lines (PL) to measure flood
depths. Four (04) main PLs were utilised: Parliament Bridge, Ethul Kotte
Bridge, Kimbulawala Bridge, and profile line 4 in between Parliament
Bridge and the Ethul Kotte Bridge, and the length values along the
profile lines were used, starting from the right to determine the change
of inundation depths along profile lines. The generated 1D and 2D flood
maps were presented in Figs. 9 and 10, and inundation depths at
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different locations were represented in Table 2.

Initially, HEC-RAS modelling was conducted for “without FMM”
conditions, and flood inundation depths were simulated for a 1D/2D
unsteady flow environment. For both stimulations, the Saint Venant
equation was utilised. Table 2 shows the flood inundation depths under
the initial condition, where results for 25-year, 50-year, and 100-year
RPs were presented in Table 2 as inundation depths are comparatively
negligible for 2-year, 5-year, and 10-year RPs.

The calculated inundation depths have increased with the increase of
the RP. The generated model was validated using the model results for
Colombo, Sri Lanka, using the MIKE 11 model by [37], which is the
currently used model for flood simulations at SLLDC. The deviations of
depths were calculated using objective functions, Relative Root Mean
Square Error (RRMSE), N-S Coefficient Efficiency (EF), and Coefficient
of Determination (CD). The error calculations predict that 2D analysis
results were more accurate compared to 1D simulations.

In the 2D analysis, the RRMSE value was 0.34, suggesting a minor
model error compared to the variability in the MIKE 11 model data
rather than the 1D model (RRMSE-0.42). Similarly, the Nash Coefficient
(NSE) was higher in the 2D model (0.78), indicating a relatively good
agreement between the predicted and observed values compared to the
1D model (with a NSE of 0.64), with higher NSE values suggesting better
model performance.

Thus, better performance of both 1D and 2D models can be
concluded with the error ranges, compared to the MIKE 11 model, but
the 2D HEC-RAS model shows a higher rate of agreement compared to
the 1D model. Consequently, the validated model was applied to

(a) 2-year return period

(d) 25-year return period

(b) 5-year return period

(e) 50-year return period
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simulate the “with FMM” scenario for the Madiwela South Diversion,
which carries a discharge capacity of 40 m>/s. The scenario was
modelled for 25-year and 50-year RPs, and results were compared with
the previous “without FMM” scenario, and inundation depth reductions
were experienced, as in Table 3. To simulate the scenario, a fixed
outflow of 40 m®/s was given as the downstream boundary condition for
the model.

From model simulations for “with FMM”, a clear reduction of the
inundation depths was seen after the implementation of the diversion at
all the considered inspection locations. Flood inundation depth for a 50-
year RP rainfall, at a 750 m location point, in the Parliament Bridge was
derived as 2.26 m at “with FMM”; subsequently, after the implementa-
tion of the FMM, the depth was reduced to 1.99 m, showing a percentage
reduction of 11.9 %. Thus, the effect of FMM in the reduction of flood
inundation depths can be justified using the applied approach, and this
study can be taken as a preliminary approach to the methodology that
can be applied in more complex situations and also to stimulate the
effects of FMMs at the planning stages. Reductions in flood-inundation
depths directly translate to property damage reductions, reducing re-
covery costs and enhancing city resilience. Through the application of
flood-inundation mapping using HEC-RAS software, city planners can
make data-driven decisions by identifying the best and most effective
FMM to be implemented at the regional level.

3.3. Flood damage estimations

The damage estimations were calculated according to the inundation

(c) 10-year return period

(f) 100-year return period

Fig. 9. 2D flood inundation mapping, (a)- Parliament Bridge (b)- Ethul Kotte Bridge (c)- Kimbulawa Bridge (d)-Profile Line 4 (PL4)(Profile lines are marked in black
as mentioned in Table 2, and blue extent shows flood inundation extents the gradient of the colour code of shows increase of flood depths).
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10-year return period

50-year return period
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100-year return period

Fig. 10. 1D flood inundation mapping catchment of Madiwela south diversion for 10-year, 50-year and 100-year return period floods (the blue extent shows flood
inundation extents, and the colour gradient of the color code shows increase of flood depths).

Table 2

Flood inundation depths (in m) at inspection points along the profile lines for “without FMM” scenario in Madiwela South diversion, Colombo, Sri Lanka.

25-year Return Period

Profile Lines to Measure Flood Depths 250 m

1D 2D
Parliament Bridge 0.17 0.64
Ethul Kotte Bridge 0.34 0.00
Kimbulawala Bridge 0.00 5.95
Profile Line (PL) 4 0.00 1.13
50-year Return Period
Profile Lines to Measure Flood Depths 250 m

1D 2D
Parliament Bridge 0.17 0.85
Ethul Kotte Bridge 0.24 0.00
Kimbulawala Bridge 0.00 5.45
Profile Line (PL) 4 0.00 0.00
100-year Return Period
Profile Lines to Measure Flood Depths 250 m

1D 2D
Parliament Bridge 0.23 1.16
Ethul Kotte Bridge 0.00 0.00
Kimbulawala Bridge 0.00 6.35
Profile Line (PL) 4 1.42 0.00

500 m 750 m 1000 m

1D 2D 1D 2D 1D 2D
0 0.79 1.86 2.43 0.63 2.17
1.68 0.75 0.86 1.76 0.00 1.40
0.00 3.22 0.00 2.94 0.00 0.00
2.51 1.49 0.00 0.12 0.00 0.00
500 m 750 m 1000 m

1D 2D 1D 2D 1D 2D
0.00 1.17 2.26 2.75 2.26 2.05
1.68 0.89 0.86 0.80 0.86 0.30
0.00 3.54 0.00 3.41 0.00 0.00
2.51 1.23 0.00 0.00 0.00 0.00
500 m 750 m 1000 m

1D 2D 1D 2D 1D 2D
1.01 1.38 2.45 3.54 1.92 1.63
1.28 1.19 0.59 0.98 0.00 0.85
0.00 3.93 0.00 3.67 0.00 0.00
2.01 1.67 0.00 0.64 0.00 0.00

Table 3
Flood inundation depths (in m) at 50-year return period along the profile lines
for “with FMM” scenario in Madiwela South diversion, Colombo, Sri Lanka.

Profile Lines to Measure 250 m 500 m 750 m

Flood Depths 25-  50-  25-  50- 25 50-
year year year year year year

Parliament Bridge 0.00 0.00 1.05 1.35 1.48 1.99

Ethul Kotte Bridge 1.85 2.66 1.17 1.79 1.38 2.16

Kimbulawala Bridge 0.00 0.00 0.00 0.00 0.00 0.00

Profile Line (PL) 4 0.00 0.00 1.61 2.01 0.00 0.00

extents and depths calculated as mentioned under the methodology,
utilising Eq. (2) and Eq. (3). Table 4 presents EAD for RP floods of 5-year,
10-year, 25-year, and 50-year for the “before FMM” scenario.

The considered FMMs were implemented by SLLDC to reduce the
flood damages within the Colombo Metropolitan Area, recognizing the
area’s commercial significance and economic importance. Under each
RP, both the tangible loss and intangible loss were accounted for. From
the calculations, it was evident that with the intensification of the flood
inundation depth with the increase of the RP, there was a significant
increase in the damage costs. Damage estimations for the “with FMM”
condition were presented in Table 4, and by comparing the values in the
adjacent columns, it was depicted that after the implementation of the
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measures, there was a drastic reduction in the estimated damage values
that were calculated. Similarly, when damage estimations for favourable
and unfavourable conditions were compared, an increase in damage
values was shown during the unfavourable occasions, as the flow of
flood water was further restricted. The percentage differences from
damage reduction lie in the range of 39 % to 63 % when “without FMM”
and “with FMM” scenarios were compared, and at the same time, low
damages will result in enabling fast recovery. This approach helps to
identify the absolute benefit of FMM and understand the actual esti-
mated damage due to a flood under changing RPs. Further, as an
extension of the study, reduced benefits can be compared with the
construction costs of measures in the form of a benefit-to-cost ratio, and
a clear representation of the benefit received by the implementation of
FMMs can be taken. This approach will act as an indicator to make de-
cisions regarding the selection of the most effective and economic
measures that will reduce unnecessary costs covered by the authorities.

3.4. Investment viability analysis

Within the investment viability analysis, nine (9) implemented
FMMs were taken into consideration (Table 5). Each FMM was analysed
separately to identify the reduction of flood damage after the con-
struction of the measure as mentioned in Section 2.3.4, and it was
considered as the benefit acquired. Based on benefits and spent costs,
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Table 4
Estimated flood damages (EAD in $Millions) for floods of different return pe-
riods for flood mitigation measures implemented in Colombo, Sri Lanka by
SLLDC.

Loss classes Favourable conditions Unfavourable conditions

Without With Without With
measures measures measures measures
($M) M) sM) ($M)
5-year Return Period
Intangible loss 0.21 0.08 0.49 0.22
(not accounted)
Intangible loss 0.69 0.34 0.90 0.46
(accounted for)
10-year Return Period
Intangible loss 0.83 0.38 2.38 1.45
(not accounted)
Intangible loss 1.13 0.56 3.16 1.86
(accounted for)
25-year Return Period
Intangible loss 2.08 0.78 2.83 1.57
(not accounted)
Intangible loss 3.69 0.97 5.04 2.26
(accounted for)
50-year Return Period
Intangible loss 2.51 1.58 3.42 1.89
(not accounted)
Intangible loss 4.99 2.34 5.03 2.54

(accounted for)

Table 5
Calculated NPV values and B/C ratios for implemented flood mitigation mea-
sures in Colombo, Sri Lanka by the Urban Water Management Center of SLLDC.

Cost Annual NPV
(Millions

LKR)

Implemented
flood
mitigation
projects by
SLLDC

Project
commencement
date

B/C
maintenance ratio
cost (Millions

LKR)

Kolonnawa 2021 11.12 2.60
Canal
Diversion

St. Sebastian
South Canal

New Mutwal
Tunnel

Madiwela
East
Diversion

Madiwela
South
Diversion

North Lock
Gates and
Pumping
Stations

Greater
Colombo
Basin Storm
Water
Drainage
Project

Bolgoda Basin
Storm
Water
Drainage
Project

Weras Ganga
Storm
Water
Drainage
Project

3,000 2,499

1,225 2003 0.83 154

5,400 2021 20.02 4,492 1.95

2,675 2021 2.50 562 1.73

5,200 2021 18.35 4,123 296

5,100 2021 8.34 4,475

4,389 2003 5.67 641 2.23

5,102 2003 1.53 720 2.22

4,389 2003 2.22 641 2.09
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NPV values and B/C ratios were calculated as in Table 5. The calculated
NPV values and B/C ratios show that the implemented flood mitigation
projects were economically profitable, with positive B/C ratios ranging
from 1.69 to 2.96 and positive NPVs. Madiwela South Diversion and
North Lock gates with pumping stations show the highest B/C ratios of
2.96 and 2.91, while St. Sebastian canal development, Madiwela East
diversion and New Mutwal tunnel show moderate B/C cost ratios. Thus,
based on the analysis, the considered FMMs can be justified as finan-
cially viable options for flood mitigation.

The methodology can also be applied to proposed FMMs to select the
most viable investment that will bring more profits. Within the study, as
the damage reductions were directly linked to the project benefit, the
flood depth reduction and flood extent reductions through implement-
ing proposed FMMs can be directly taken into account, creating a direct
link between the effect of the FMM and investment viability. Thus, de-
cision makers can use the approach as a sound option in selecting the
most effective FMM.

3.5. Comparison with global studies

Comparable flood damage assessment studies have been conducted
globally, yet key methodological gaps remain when contrasted with the
present study. In Jakarta, [43] developed the Damagescanner-Jakarta
model to estimate expected annual flood damages based on hazard,
exposure, and vulnerability components using a grid-based approach.
Similarly, in the Bago Region of Myanmar, [44] developed flood damage
functions specific to house types using household surveys and simulated
flood extents using the RRI (Rainfall-Runoff-Inundation) model. The
focus of the study was on improving damage accuracy by considering
building characteristics and evaluating damage reductions from adap-
tation options to residential buildings. In the Erasinos Basin, Greece,
[45] developed a GIS-based tool to estimate direct flood damage to
built-up and agricultural areas using relative depth-damage functions,
with flood inundation mapping performed via HEC-RAS. While their
approach shares methodological similarities with the present study, it
focused solely on tangible damage estimation. However, none of these
studies assessed the effectiveness or economic viability of flood miti-
gation measures, which constitutes a core contribution of the present
research conducted in Colombo.

Focusing on the limitations of the current study, several simplifica-
tions and assumptions should be acknowledged. The land use was
treated as static, without accounting for future urban expansion, and the
effect of climate change was also not a focus within the study. Addi-
tionally, socio-economic exposure and vulnerability parameters were
generalized by incorporating a fixed multiplier as a simplification
attempt in the study. Despite these constraints, the integrated modeling
framework remains robust for relative comparison of flood mitigation
alternatives. Future research should address these limitations by incor-
porating dynamic land use projections, high-resolution socio-economic
vulnerability data, and CMIP6-based climate scenarios to simulate
evolving rainfall extremes. This would enhance the applicability and
resilience of the framework under changing urban and -climatic
conditions.

4. Conclusions

The study provides a comprehensive evaluation of the application of
multi-criteria flood hazard mapping, flood inundation mapping, and
economic flood damage estimations to establish a strong basis for flood
risk management in urban areas, Colombo, Sri Lanka, and Auckland,
New Zealand. Considering Colombo, Sri Lanka’s condition, under 100
mm/day rainfall, 47.55 % of the area is under moderate hazard condi-
tions, and 11.36 % of the area is under high-hazard zones, where over 50
% of the study area is prone to urban floods. Focusing on Auckland, New
Zealand, 22 % of the land extent shows an extreme hazard level,
including the Auckland city limits, increasing the built environment
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vulnerability. Both the executed case study areas display congested
economic features with built-up area percentages of 85.6 % and 96 % for
Colombo city limits, Sri Lanka and Auckland city limits, New Zealand,
highlighting the need for proper FMMs to safeguard these built envi-
ronments. Thus, similar hazard assessments can be conducted in urban
cities that face the consequences of flooding to identify and classify
hazard levels. As the next section of the study, flood inundation mapping
for “with FMM” and “without FMM" was executed for selected Madiwela
South Diversion, and a flood inundation depth reduction in the range of
9.2 % to 11.9 % was experienced at 50-year RP floods, suggesting the
effect of FMM in depth reduction. The reduction of inundation depths
directly affects the reduction of flood damage. Damage estimations
under different flood inundation depths showed a percentage damage
reduction of 39 % to 63 % with the reduction of inundation depths. Both
the reductions in flood depths and damages demonstrate that strategic
FMMs can simultaneously reduce physical flood impact and associated
economic losses in densely built environments. Further financial in-
dicators like NPV and B/C ratios can be used to analyse the financial
viability of FMMs. From the calculations, it can be shown that all
considered FMMs in Colombo are financially justifiable, with positive
NPV values and B/C ratios ranging from 1.69 to 2.96. The integration of
four (4) studies provides a robust data-driven framework for flood
management.The integration of RP-based HEC-HMS and HEC-RAS
models with flood damage estimation provides a reliable method to
quantify economic losses in monetary terms. This approach enables a
direct financial justification of flood mitigation measures, making it a
practical and effective tool.

5. Recommendations

The study underscores the value of coupling of HEC-HMS and HEC-
RAS models with vulnerability-based damage estimation and invest-
ment viability analysis, which is an approach that remains underutilized
in many urban flood studies. This coupling enables the quantification of
both physical and economic performance of flood mitigation measures,
supporting evidence-based planning. This approach can be applied
globally in identifying economic damages due to flooding, and it will
support safeguarding communities against the growing urban flood
risks, also facing the adversities due to climate change. Further, by
prioritizing coordinated land-use planning, zoning regulations, and the
integration of green infrastructure, cities can proactively reduce flood
vulnerability and strengthen long-term urban resilience. These planning
decisions should be informed by spatial assessments of flood extent and
depth, as well as the economic feasibility of proposed mitigation mea-
sures, enabling evidence-based policy and investment. Additionally,
machine learning (ML) techniques can be integrated with HEC-RAS
simulation outputs to enable real-time, spatially explicit flood damage
estimation platforms. These systems will have the ability to rapidly
assess economic losses using flood depth maps, exposure layers, and
vulnerability curves, offering critical support for operational risk man-
agement and emergency planning. Similar to the approach adopted by
[46], for earthquake-induced slope instability, using Python-integrated
safety factor analysis.

Relevance to resilience

The study makes a significant contribution to increasing urban
resilience by addressing prevailing vulnerabilities within urban envi-
ronments due to flooding. The methodology of the study was system-
atically formulated to generate data-driven, results-oriented decisions
using the application of GIS-based hazard mapping, hydraulic modelling
for inundation mapping and vulnerability curves in economic assess-
ments. The hazard assessment was formulated to discover different
hazard levels within the study areas of Colombo, Sri Lanka and Auck-
land, New Zealand, while the study can be applied to urban environ-
ments elsewhere facing similar urban floods. Simultaneous studies of
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flood inundation mapping and economic assessments provide a meth-
odology flow chain to evaluate the effectiveness of structural flood
mitigation measures in terms of flood inundation depth reduction and
flood damage reduction. Under flood damage estimations, both tangible
and intangible asset damages were comprehensively assessed to provide
a holistic view of flood impacts. Even though the preliminary assess-
ments were carried out for the selected pilot areas, they are scalable and
adaptable for worldwide scenarios and directly support urban resilience
improvements, enabling proactive planning and optimisation of flood
mitigation measures, identifying unique characteristics in different
research areas. This will reduce economic and societal costs due to
flooding and enable a rapid recovery, establishing city resilience.
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