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Abstract

Flooding is well recognized as one of the most destructive natural disasters, often lead-
ing to heavy losses of lives, property, and economy. Flood impacts are often presented in
terms of flood vulnerability/fragility functions considering univariate intensity measures.
However, flooding duration also plays an instrumental role in physical damage, functional-
ity loss, and economic losses. This prompts the development of multivariate flood vulner-
ability and loss models; however, such models are not available in the existing literature
to the best of our knowledge. To address this gap, we develop multivariate and univariate
flood vulnerability models, economic loss models, and restoration models for Reinforced
Concrete (RC), masonry, steel, and semi-permanent buildings. Similar models are also de-
veloped for agricultural land using actual damage/loss data. Bivariate models considering
inundation depth and inundation duration are developed using response surface method,
whereas several univariate vulnerability and loss models are also presented. The models
are interpreted together with the outcomes of two-dimensional flood hazard analysis to
outline and exemplify probabilistic flooding scenarios and likely consequences. The sum of
observations highlights that although physical damage can be limited in building structures,
considerable functionality and economic losses will be inevitable due to urban flooding.

Keywords Urban flooding - Flood vulnerability - Functionality loss - Vulnerability
surface - Economic loss - Restoration function - Probabilistic modeling

1 Introduction

Flooding is known to impact built environment as exemplified by the damage and loss
statistics incurred during many historical events worldwide. Under the changing climate,
ever increasing weather extremes are aggravating flooding scenarios globally. Neverthe-
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less, flooding is one of the most devastating events resulting in fatalities, injuries, physical
losses, and economic consequences. Almost 23% of the global population is estimated to be
exposed to a 100-year return period flood, of which 89% of the affected population is from
low-to-middle income countries (Rentschler et al. 2022). The World Bank estimates the
direct physical losses attributed to flooding would be over US$ 300 billion per annum (Ban-
galore etal. 2017). It is also evident that south and southeast Asia observes most frequent and
devastating flooding events. It is also worth noting that the region does not have adequate
resilient measures and infrastructures to cope with the frequent flood occurrences. Thus,
damage and losses are often aggravated due to the lack of flood resilience infrastructures
and initiatives. When an entity is damaged by flooding, it incurs economic consequences as
well as functionality disruption. When a system is disrupted, it requires restoration to regain
normal functionality, which incurs investment. Thus, flooding causes physical damage to an
entity, which leads to economic consequences and functionality losses; both of these prompt
restoration, which is again hinged with the integrity of the system exposed to flooding or
any external force.

Large amount of insurance should be covered by the agencies and the government
authorities after almost every flood. Even in the absence of flooding insurance policies,
government subsidies are often allocated in Nepal. In this case, budget rerouting is required,
which results in secondary consequences such as derailed infrastructure development, and
so on. For reliable insurance premium planning, vulnerability and loss models play instru-
mental role by providing the level or extent of likely damage and corresponding insurance
amount conditioned to the replacement values. Thus, the need for studies pertaining to flood
vulnerability, loss, and functionality restoration are gaining momentum lately. Most of the
existing studies use qualitative dissemination of flood vulnerability based on built environ-
ment characteristics (Cheng et al. 2024; de Moraes and Gongalves 2024; Jang et al. 2021;
Panagiotou et al. 2025). These models provide comparative intensity and susceptibility, but
not quantitative loss or damage ratios.

Flood damage, vulnerability, and loss are accounted for in field assessments following
major flood events. The empirical data collected after major flood events is proven to be
instrumental in constructing flood vulnerability models. Flood damage mechanisms in vari-
ous structures, infrastructures, and lifelines are reported after major flood events from across
the world (see e.g. Santo et al. 2016; Santangelo et al. 2021; Santo et al. 2018; Gautam and
Dong 2018; Gautam et al. 2023; Thapa et al. 2020). Using empirical damage data, flood
vulnerability/fragility functions are developed for various components of the built environ-
ment, ranging from residential buildings to infrastructures. Precisely, residential buildings
have remained the prime focus of empirical flood vulnerability analysis (Karagiorgos et al.
2016; Papathoma-Kohle et al. 2017; Fuchs et al. 2019a, b; Papathoma-Kohle et al. 2022;
Thapa et al. 2020; Gautam et al. 2023; Arrighi et al. 2020; De Risi et al. 2020). How-
ever, limited attention is paid for nonstructural components exposed to flooding (Forte et al.
2025). Despite empirical models, numerical modeling(Gautam et al. 2023) and experimen-
tal campaigns(Sturm et al. 2018) are also used in flood vulnerability modeling. Using flood
vulnerability models, example applications and probabilistic scenario risk assessments have
been executed in many parts of the world (see e.g. Totschnig and Fuchs 2013; Taramelli
et al. 2022; Mascheri et al. 2024). Although actual empirical loss/damage data are more
trustworthy if bias is constrained, a major drawback in univariate flood vulnerability mod-
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els lies in terms of explicit representation of flooding duration and its impacts. Damage to
structures and infrastructures is fundamentally attributed to flow velocity, inundation depth,
and flooding duration.

Although inundation depth is the most widely used intensity measure (IM) in univariate
flood vulnerability analysis (Pistrika et al. 2014), it is imperative to note that this IM is not
exhaustive. Supporting evidence was provided by Gautam et al. (2023), using numerical
modeling. Inundation depth alone cannot explain the overall damage/loss extent as gradual
and aggregated damage is the characteristic damage during flooding, rather than an impulse
response type mechanism. To this end, Molinari et al. (2020) highlighted the need for
multivariate vulnerability models for more realistic disseminations. Multivariate vulner-
ability and loss models have been deemed necessary for quite some time now, but the key
challenge remains in terms of the availability of multiple IMs in databases. It is because
most of the post-flood surveys fail to report flood intensity, duration, and damage extent,
simultaneously. Thus, there exists an opportunity to refine flood vulnerability models for
structures, infrastructures, and lifelines, and any other assets considering multivariate mod-
eling. Furthermore, almost all flood risk assessment approaches and applications focus
only on vulnerability aspect only. On the other hand, multivariate loss, functionality loss,
and restoration models are either sparse or absent otherwise. Not just physical vulnerability
can explain the broad spectrum of flood risk, instead economic loss or flood loss incurred
to physical damage, and functionality loss, and restoration are pivotal. It is because most
of the frequent floods do not necessarily incur damage but rather cause functionality loss
(disruption) and claim economic consequences only. To the best of our knowledge, lim-
ited attention is paid to these dimensions. Although local, rather than global models, are
considered more realistic vulnerability models (Molinari et al. 2020; Gautam, Fabbrocino,
and Santucci de Magistris 2018), attention toward flood vulnerability models even in the
areas with frequent flooding is still insufficient because most of the structures, infrastruc-
tures, and lifelines do not have flood vulnerability, flood loss, and functionality restoration
models.

Flood risk zonation/mapping is a highly interdisciplinary field involving hydrology,
hydraulic engineering, social engineering, structural engineering, and several other fields.
Thus, transdisciplinary approach is required to depict realistic flood susceptibility analysis.
Otherwise, most of the outcomes would not be coordinated and thus the models do not
fulfill the requirements of integrated transdisciplinary studies. Notably, only a few stud-
ies adopted transdisciplinary approach in flood risk studies (see e.g. Thapa et al. 2020;
Amirmoradi and Shokoohi 2024). For pragmatic considerations in terms of usability and
translatability of the scattered domains, transdisciplinary efforts are required. Aiming to
contribute to this dimension, the present study develops flood vulnerability, loss, and func-
tionality restoration models for various components within the built environment. Univari-
ate and multivariate vulnerability and loss models are developed for structures and built
environment. Also, preliminary functionality restoration models are developed. The models
are implemented to depict flood hazard, vulnerability, and loss scenarios in Bagmati River,
Kathmandu, Nepal. The originality of the present contribution lies in the development of
bivariate flood vulnerability models and loss models for a highly flood prone region. Four
dominant construction systems are incorporated to develop some of the earliest models in
this domain.
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2 Materials and Methods

A methodological framework to assess flood vulnerability, loss, and functionality restoration
modeling is shown in Fig. 1. The three major attributes of the methodological framework are
the data, model, and application. In order to execute the proposed methodology, taxonomy
formulation is the first step. Flood vulnerability, loss, and functionality restoration require
well defined taxonomy. This is the key step to minimize aleatoric uncertainties as well since
different structures and components behave differently under flood loading. RC buildings,
brick masonry buildings, steel buildings, semi-permanent buildings, agricultural land, elec-
tric poles with transformer, electric poles without transformer, paved road, unpaved road,
retaining structures, RC bridge, steel bridge, and foot trail bridge were considered as structure
and infrastructure classes during taxonomy formulation. In order to develop flood vulnerabil-
ity, flood loss, and functionality restoration models, two extensive survey campaigns were
conducted after the September 2024 and October 2024 floods that occurred in Kathmandu
Valley, Nepal. Kathmandu Valley observes devastating floods almost every year, so the data
and models basically represent a highly flood prone area. Field study questionnaires were
developed to capture inundation depth, damage extent, flooding duration, loss amount, func-
tionality loss and restoration time, among others. As shown in Fig. 1, damage incurred to the
entity, depth of inundation in meter, and inundation duration in hour were the major infor-
mation collected to construct flood vulnerability models. Meanwhile, supporting evidence
such as pictorial representation and explanations regarding construction system were also
noted during the field survey. We collected 26 data pairs for RC, 26 data pairs for masonry,
8 data pairs for steel, 22 data pairs for semi-permanent buildings, and 11 data pairs for agri-

[ Flood vulnerability, loss, and functionality restoration modeling ]
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Fig. 1 Methodological framework for flood vulnerability, loss, and functionality restoration modeling
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cultural land. Maximum inundation for RC, masonry, steel, semi-permanent buildings, and
agricultural land was respectively 2.5 m, 2.5 m, 1.95 m, 1.65 m, and 0.85 m. The data were
collected from the areas affected by the 2024 flooding and all entities along the flood course
were surveyed. Thus, no sampling rules or exclusion criteria were during the field survey. On
the other hand, we were not able to get enough data for electric poles, bridges, and other enti-
ties; thus, vulnerability models for these entities have not been developed. Using the dataset,
bivariate flood vulnerability surfaces and univariate flood vulnerability curves are fitted. We
used Response Surface Method (RSM) to generate vulnerability surfaces, whereas statistical
fitting is done to create univariate vulnerability models. Further dissection of data and opted
model is presented in the results section. The RSM method allows creation of vulnerability
surfaces, as well as captures the interaction between the independent variables. The interac-
tion dimension is not usually accounted for in normal multivariate regression. For a scenario
such as flooding in which both inundation depth and duration act side by side to result in dam-
age/loss, RSM suits better than normal multivariate regression. It is worth noting that flood
vulnerability surfaces have not been proposed yet to the best of our knowledge. Loss models
are generated using the same approach but the dependent variable, loss value, is conditioned
to damage ratio (DR) and inundation depth (H). DR is defined as the ratio between the loss
value incurred by the flood event to the total restoration cost. In many cases, there will be
only content loss rather than physical damage to the entity under consideration; however, we
use the same approach to quantify DR even when the loss is incurred to nonstructural compo-
nents or contents. Equivalent DR is assigned in each case based on qualitative description of
damage incurred to the entity under consideration. Inundation depth is directly measured by a
measuring tape, demarcating the high flood level (HFL). Since inundation duration (T) is also
an important parameter to characterize loss and damage, we recorded the parameter through
interviews. Subjective bias can occur when translating qualitative descriptions to DR and
also in the duration provided by homeowners. However, we have not considered any measure
to treat the likely biases. For functionality restoration modeling, we retrieved duration of
functionality loss (flooding duration) and restoration duration from interviews with the home-
owners. Using approximate estimation approach, loss values were assigned to each damaged
entity. Functionality restoration models are developed using linear restoration models. The
application of the proposed methodology is exemplified separately in the following sections.

3 Flood Vulnerability, Loss, and Recovery Models
3.1 Flood Vulnerability Models

Flood vulnerability models depict the expected mean DR under the given IM values in both uni-
variate and multivariate formulations. DR up to 5% (0.05) indicates operational performance
level even after flooding. A minimal investment is required for subsequent repair/restoration in
this case. 5-15% DR signifies minor loss of functionality, but no significant damage—neither
structural nor nonstructural. In this case, repair is required before 100% functionality can be
restored. 15-30% DR outlines considerable loss of functionality and damage. Some parts of
the entity require major repairs, so economic consequences will be significant in this case.
However, the damage would be basically confined to nonstructural components. 30-50% DR
indicates a major loss of functionality, which prompts the entity to be shut down for some time.
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Major damage to important components of the entity is expected under this damage state. In
this case, a significant amount should be invested to restore functionality. At this level, damage
to structural components such as the load bearing walls, columns, etc. can also occur. 50-70%
DR highlights extensive damage to the entity, and 100% functionality loss. Major rehabilitation
to reconstruction/restoration of the entity is required to achieve 100% functionality. DR greater
than 70% indicates a fully dysfunctional entity sustaining considerable structural damage or
partial to complete collapse. The entire system should be restored/reconstructed to achieve
100% functionality. Implementing these damage and functionality loss schemes, the following
section reports several sets of vulnerability, loss, and restoration models.

3.1.1 RCBuildings

Flood loading is lateral loading and RC frame constructions have better lateral load resistance
capacity. Thus, inundation alone cannot damage structural components, such as beams, col-
umns, slabs, and foundations in RC buildings. Under high flow velocity and extended flooding
duration, RC foundation scouring can occur. Nonstructural components, such as infill walls,
partition walls, boundary walls, and contents, are could be damaged by flood inundation. On
the other hand, if significant momentum flux and debris impact excite RC buildings, detrimental
consequences are also likely to occur (Gautam et al. 2023). Under low velocity flows, resulting
in low momentum flux such as in mild and flat terrain rivers, nonstructural component damage
can occur, for example, damage to infills, contents, warehouses, boundary walls, among others.

From the collected survey data, flood vulnerability surface for RC buildings is fitted
using the RSM as shown in Fig. 2. Since our data does not contain collapsed RC buildings,
and only a limited extent of inundation occurred during the two flooding scenarios, the peak
DR value is only around 0.5. All the vulnerability models are constrained at the origin to
ensure the boundary condition: —if there is no inundation, then the DR should be 0. It is
seen in the figure that even low inundation depths for extended duration could result in DR
of 0.1, whereas higher inundation depths abruptly increase DR.

Although bivariate vulnerability surfaces are superior models compared to univariate
flood vulnerability models, flooding duration and inundation depth may not be always avail-
able simultaneously. Thus, we formulated univariate vulnerability models as well. These
models would be ideally suitable if there is no information regarding the inundation dura-
tion. Figure 3 shows univariate flood vulnerability curve for RC buildings. The function can
be used in flood loss assessment under probabilistic flooding scenarios for the given inunda-
tion depth associated with a return period.

3.1.2 Brick Masonry Buildings

Brick masonry construction does not have sufficient ductility under later loading, so damage
can occur under high momentum flux. However, under low velocity flow, only scouring can
be detrimental. Flood vulnerability surface for brick masonry buildings are plotted in Fig.
4. As shown in the figure, brick masonry buildings are more vulnerable than RC buildings
under flood excitation as well. Even at low inundation depth with extended duration, DR
could reach up to around 40%. On the other hand, higher inundation depth even for short
duration could yield DR of up to 60%.
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Fig. 2 Flood vulnerability surface for RC buildings. DR, T, and H respectively stand for damage ratio,

inundation duration, and inundation depth. Red circles are the observed data
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Univariate flood vulnerability function for brick masonry buildings is shown in Fig. 5. At
the inundation depth of around 3 m, brick masonry buildings are expected to observe DR of
up to 100%. Figure 5 highlights that 100% DR is observed even at around 1.25 m inunda-
tion depth. This shows relatively uncertain flood performance of brick masonry buildings.
For probabilistic flood risk assessments, the median vulnerability function is recommended.

3.1.3 Steel Buildings

Similar to RC buildings, steel buildings reflect considerable ductility, thus only a large momen-
tum flux can trigger damage to structural components. Under low velocity flows, nonstructural
components and contents can damage in steel buildings. Flood vulnerability surface for steel
buildings is shown in Fig. 6. Under extended duration of low inundation depth, the maximum DR
can reach up to 10%. Whereas, under extended inundation duration and high inundation depth,
around 40% DR can be expected in steel buildings. It is important to note that an inundation depth
of around 2 m for short duration is capable of yielding around 30% DR in steel buildings.

Univariate flood vulnerability function for steel buildings is shown in Fig. 7. Due to the
lack of collapse and significant structural damage statistics, the vulnerability function is
plotted only up to 40%. For higher DR, more data pertaining to higher damage states and
associated inundation depth is required.

3.1.4 Semi-permanent Buildings

Semi-permanent buildings are usually constructed using steel frames and are used as peri-
odic shop outlets, informal settlement, among others. Such buildings are not regulated con-
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Fig. 4 Flood vulnerability surface for masonry buildings

structions, so a wide variety of these buildings can be found. Flood vulnerability surface for
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Fig. 7 Flood vulnerability function for steel buildings

semi-permanent buildings is shown in Fig. 8. Under extended duration and considerable
inundation depth, DR of around 50% can be expected in such buildings. However, due to
the lack of robust structural integrity and foundations, these buildings are susceptible to col-
lapse if considerable momentum flux excites them.

Figure 9 shows the univariate flood vulnerability function for semi-permanent buildings.
A 50% DR can be expected at around 1.5 m inundation depth. Meanwhile, DR rises up to
70% at 2 m inundation as shown in the figure.

3.1.5 Agricultural Land

Agricultural land is among the most affected entities by flooding within the built environ-
ment. Two types of crops, rice and corn, were covered during the field survey. Based on the
crop type, crop maturity stage, resilience capacity with inundation duration, and size, the
extent of damage can vary significantly. Flood vulnerability surface for agricultural land
is shown in Fig. 10. The figure shows that inundation duration is the controlling factor for
agriculture damage, rather than inundation depth. Under extended inundation hours, DR
can reach up to 60% as shown in the figure. Although very effective, it is challenging to
construct a flood vulnerability surface for agricultural land due to the inherent uncertainty
pertaining to inundation depth determination. Unlike other entities within the built environ-
ment, the PFL estimation is not straightforward; thus, the model has inherent uncertainties
too. We tried to develop a univariate flood vulnerability model for agricultural land, but the
data did not constrain the model sufficiently. Hence, univariate flood vulnerability model is
not reported.
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Fig. 10 Flood vulnerability surface for agricultural land

To estimate the equivalent loss, crop pattern, type, duration, resilience to flood inunda-
tion, and maturity stage of crops are the key factors. In addition, types of farming such as
mixed or single cropping, cropping in furrow or in flat terrain etc. are also important to
develop vulnerability and loss models. Future models can consider these dimensions to
improve vulnerability and loss models.

3.2 Loss Models

Loss models depict straightforward information regarding the economic consequences of
floods or any dynamic forces that incur damage to a particular entity. It is also possible to
estimate the economic consequence using the ensemble of equivalent restoration values for
each damaged component. However, the process is tedious because most of the damage
assessment campaigns do not gather element by element damage data but rather focus on
the global performance. Since we conducted structured surveys and captured total economic
loss incurred by flood damage, we were able to construct loss surface and univariate loss
model as detailed in the following sections.

3.2.1 RCBuildings

Flood loss surface for RC buildings is shown in Fig. 11. Considering inundation depth and
DR, equivalent loss estimation model is developed. The loss values are from 2024, and any
future use should consider inflation as well. Under 2.5 m inundation incurring DR of around
0.5, economic loss would be around US$ 5000 in RC buildings. However, there exists con-
siderable uncertainty too. Under the low DR but high inundation depth, loss value can reach
more than US$ 3000.
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Univariate loss model considering only inundation depth is shown in Fig. 12. The figure
shows a good fit for the data; however, it might estimate equivalent loss even without the
damage extent. So, the proposed loss function should be used cautiously. Particularly, the
univariate loss model should be deployed to damaged RC buildings only. Up to 0.5 m inun-
dation, no significant loss in RC buildings can be expected; however, a sharp increase can
occur beyond 1.5 m of inundation depth.

3.2.2 Brick Masonry Buildings

Per unit loss incurred to brick masonry will be less than that in RC and steel constructions
due to material cost. However, considerable losses can occur if DR is high even in brick
masonry. Figure 13 shows loss surface for brick masonry buildings. At 1.5 m inundation
and relatively low DR, loss value is expected to be less than US$ 1000 in brick masonry.
However, if DR is high, loss value may reach up to US$ 2500. Due to significant interac-
tion between the inundation depth and DR, we were not able to constrain the univariate loss
model for brick masonry buildings.

3.2.3 Semi-permanent Buildings

Loss surface for semi-permanent buildings is shown in Fig. 14. Since semi-permanent
buildings are low-cost constructions, associated losses will be lower than those for RC
and other constructions. At 2 m inundation depth and low DR, loss value can reach up to
USS$ 1500. It is further interesting to note that loss value would not increase significantly
for up to moderate damage extent. It is imperative to note that there are underlying uncer-
tainties in the proposed model. More data can constrain the model better and downscale
uncertainties.
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3.3 Restoration Model

Unlike recovery models (Cimellaro et al. 2010), we propose restoration models, which
pertain to the functionality restoration when damage ratio is usually low. Under significant
damage, physical repairs/rehabilitation is required. This aspect will be better described
under recovery modeling. On many occasions, flooding can cause water logging without
any physical damage, and thus affects system functionality, but not structural integrity. In
those cases, functionality restoration can be achieved using some resources as the entity
would be still usable after some level of intervention. We propose a restoration model
under usable damage state of any entity. Based on the recorded data, we were able to create
restoration models for RC buildings only. When there is more than 15% of DR, the entity
should follow a repair, which is often difficult to monitor because the models we proposed
in this study comprise the damage/loss data from Kathmandu Valley where flood insur-
ance is not practiced. In Kathmandu Valley, or in general in Nepal, people might opt not to
repair, or may need time to save money to invest, or otherwise. To this end, constructing
recovery models is not always straightforward. For the two functionality loss scenarios in
RC buildings, restoration models are developed as shown in Fig. 15. Dashed lines in the
figure represent the individual cases, whereas the bold lines are the mean models. It is evi-
dent that flooding occurred due to almost 2 h long torrential rain, so the initial 2 h are flat.
Thereafter, the total duration of the HFL is considered to be around 0.5—1 h. Following that,
a valley is formed until restoration is started. The length of the valley indicates the flooding
duration (T) at which the stated functionality will be lost. After that, restoration efforts kick
off and attain the top flat portion, indicating 100% functionality restoration. Functionality
loss and restoration processes are assumed to be linear for both cases. We aim to extend
these restoration models in the future using robust and well detailed database.

@ Springer



124 Page 16 of 28 V. P. Pandey et al.

102 : @

—
S
W
L~
=
-

—
(el
S

100 f— D

95

Functionality (%)
O
[o2e]
Functionality (%)
O
()

O
(@)}
~
-~
~
~
N
~
~

0]
W

94

0 5 10 15 20 0 10 20 30 40
T (hr) T (hr)

Fig. 15 Restoration models for RC buildings for: (a) slight functionality loss, (b) minor functionality loss.
Dashed lines represent individual cases and bold green and blue lines are the average models

4 Application of the Models: Hybridization of Flood Hazard with Flood
Impacts

Manohara River corridor in Kathmandu, Nepal (Fig. 16) is chosen as a case study imple-
mentation area, which witnessed massive flooding in August and September 2024 due to
incessant rainfall occurring for two days. The availability of data required for validating the
flood model and accessibility for field surveys were the other reasons for selecting the area.
The Manohara River extends from 27° 40’ N to 27° 42’ N latitudes and 85° 20 E to 85° 22’
E longitudes. Stretching 28 km from northeast to southwest, the Manohara watershed has
the total area of 83 km? comprising straight upstream, which widens and meanders down-
stream. The same corridor has mixed formal and informal settlements and is known to be
impacted by flooding almost every year. Due to the heterogeneous construction systems, the
impacts are diffuse and so are the losses. Due to the lack of a flood insurance program, losses
incurred to the built environment are at the stake of either owner or the government. Using
the proposed vulnerability and loss models, a possible outlook could be the introduction of
flood insurance in both government and private sector.

Traditional hydrological modeling techniques incorporating numerical methods that
simulate rainfall-runoff phenomena are simple yet effective. Models such as HEC-RAS 2D
with rain-on-grid facility have shown convincing performance on hydrological and flood
inundation modeling over the years (Costabile et al. 2020). Modern approaches using neural
networks such as Artificial Neural Networks (ANN) and Convolutional Neural Networks
(CNN) have wider application in simulating hydrological response; however, adequate
training data for acceptable accuracy would not be available in data scarce regions. There-
fore, this study adopted HEC-RAS 2D for flood inundation modeling. It takes rainfall at
multiple stations as an input and adjusts Manning’s coefficient and infiltration values as per
land cover type.

Data was pre-processed and fed into an event-based model developed in HEC-RAS 6.6
(https://www.hec.usace.army.mil/software/hec-ras/), incorporating both hydrologic and
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Fig. 16 Location and characteristics of the modeled area

hydrodynamic capabilities within a single user interface. A catchment-scale geometry was
created in HEC-RAS with an outlet at Khokana station (see Fig. 16), and break lines were
generated along the river profile with a mesh size of 30x30 m. The mesh size beyond
the break lines was set to 300 x 300 m to minimize computational cost with normal depth
boundary conditions assigned to the outlet. Precipitation gages were set on and around the
geometry to input the observed rainfall data. A summary of input parameters and catchment
detail is presented in Table 2. Further details regarding calibration and back analysis based
validation of 2024 events are presented in the Appendix section.

Building shapefiles were extracted from the Open Street Map (OSM) consisting of the
latest building footprints from the study area. The recent flood events were overlaid to the
OSM base map and clipped using the respective flood inundation maps to obtain the num-
ber of inundated entities. The inundated entities are colored in light green for August 2024
(Fig. 22) and dark green for September 2024 (Fig. 23). For comparison, surveyed entities
are marked in brown color.

The inundated entities are colored orange, purple, and red for floods of 5, 50, and 100-
year return period (RP), consisting of 1244, 1452, and 1532 number of inundated entities,
respectively. The three flooding scenarios are plotted in Fig. 24, Fig. 25, and Fig. 17, respec-
tively. The inundation depths increased proportionately for successive RPs, with the maxi-
mum of 7.1 m for a 100-year RP. This indicates that a 100-year RP flooding will inundate
at least two stories of a residential building. In this case, DR would exceed 60% even in RC
buildings. To contextualize this with the 2024 flood, a site visit after the flooding revealed
that almost all RC buildings in the flooded area withstood the flooding with considerable
functionality loss only. It is pertinent to note that the 2024 flooding would fit between 5
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Fig. 17 Inundation map for 100-year RP flooding scenario

Fig. 18 (a) Functionality loss due to inundation and debris deposition in RC building, (b) an example
of flood damaged semi-permanent building along the Manohara corridor, (¢) damaged corn field by the
2024 flood

to 50-year RP but not 100-year RP. Evidently, the ground floor of all RC buildings in the
affected areas inundated and got filled with debris, logs, and trash. Such an impact aligns
toward functionality and economic losses rather than direct physical losses. An example of
functionality loss in RC buildings is shown in Fig. 18. Although no direct physical damage
is noted, the building required considerable amount to restore functionality. As shown in
Fig. 24, even a 5-year RP flood would result in considerable inundation in the built environ-
ment. For any other inundation depth from another RP flooding, one can refer to respective
vulnerability and loss models to quantify physical damage to economic consequences.
Inundation analysis depicted 1294 entities being inundated by the flood of September
2024. The value was greater than 5-year RP and slightly less than 50-year RP floods sug-
gesting that the September flood aligns with the 50-year flood magnitude (Table 1). Consid-
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Table 1 Number of entities in- Scenario Number of inun- Flood-  Remarks
undated due to various scenario dated entities in the  ing area
flooding built environment (km?)
August 2024 flood 924 0.98
September 2024 flood 1294 1.4 >5 years
RP to <50
years RP
5-year RP 1244 1.27
50-year RP 1452 1.47
100-year RP 1532 1.53

ering the August 2024 flood as the base case, inundation was found to be 42.8% higher than
that for the September 2024 flood. On the other hand, it was 29.6%, 50%, and 56.1% higher
than that for 5, 50, and 100-year RP flooding, respectively.

The affected area has RC as the dominant form of residential construction. Although
fewer buildings were exposed to the flood, brick masonry buildings also withstood the flood-
ing event but sustained some level of functionality losses (Fig. 18a). Since inundation was
limited in most cases, no considerable damage was noted, which adheres to the proposed
flood vulnerability models. For the sake of brevity, field evidence on functionality losses
in other building types are reported in this paper. No considerable physical damage was
observed in steel buildings either. The results adhere to the proposed vulnerability models.
Since most of the steel buildings were used for business purposes, training halls, and storage
facilities, functionality losses were noted to be significant. This in turn yielded a consider-
able economic loss as well. Also, a significant amount of time and money had to be spent
for restoring the functionality of the affected steel buildings. Along the river corridor, there
were many semi-permanent buildings. Semi-permanent buildings sustained minor damage
due to flooding, but remained functional as shown in Fig. 18b. Flood inundation caused
significant losses and damage to food stocks, utensils, electrical equipment, etc., especially
in semi-permanent buildings. Some of the agricultural lands present in the flooded area were
significantly affected. Affected agricultural lands were covered with a thick layer of silt as
shown in Fig. 18c. Corn fields were destroyed by the flood. Notably, construction of stone
masonry walls of about 2 m height in some places controlled flood entry to the agricultural
land. However, such countermeasures were not present throughout the river stretch.

5 Conclusions

Since flood impacts are highly dependent on the exposure and duration of flood inundation,
univariate models for vulnerability and loss may not be explicitly representative. In order to
account for this limitation and lay the foundation for multivariate flood vulnerability and loss
assessment, we used response surface modeling, considering interaction between the intensity
measures to create flood vulnerability and loss surfaces. Flood vulnerability and loss surfaces
are also supplemented with univariate flood vulnerability and loss models for RC buildings,
masonry buildings, steel buildings, and semi-permanent buildings. The models are developed
using actual damage, inundation depth, and inundation duration data. The probabilistic models
are compared and interpreted together with the probabilistic 2D flood hazard analysis in a case
study region located in Kathmandu Valley, Nepal. We conclude that the existing flood hazard
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modeling landscape can be extended to impact based approach, especially toward the built envi-
ronment vulnerability, loss, and restoration. The proposed models can be deployed to another
region with similar construction systems, such as south and southeast Asian regions. However,
inundation depth limits should be marked before adopting the models for other regions. In
addition, Bayesian updating can be performed using data from different settings to develop
generalized and representative models for transregional applications. In flood prone areas such
as the Manohara River corridor in Kathmandu, even a 5-year RP flood can cause significant
functionality loss together with considerable economic consequences, although robust con-
struction systems such as RC and steel buildings do not necessarily observe physical damage.
Meanwhile, the restoration model developed in this study concludes that functionality restora-
tion may require considerable time (>15 h) even in the case of slight to minor functionality
losses. This indicates that indirect losses are significant in every kind of structural system. This
aspect is often overlooked; however, the models developed in this study reflect that it cannot be
overlooked in flood prone areas. Due to the lack of interdisciplinary efforts, flood vulnerabil-
ity, economic loss, and restoration models are extremely rare in the literature. Meanwhile, we
conclude that a deeper understanding of flood impact in the built environment requires stream-
lined and coordinated efforts from multiple disciplines, including water resources, hydrology,
hydraulic, geology, and structural engineering, to develop reliable and high-fidelity models.
The flood vulnerability and loss models can be used in flood insurance planning, flood-resistant
construction system development, flood strengthening of structures, and other purposes. If both
inundation depth and inundation duration cannot be retrieved simultaneously, univariate func-
tions can be used, which is the most common practice as of now. Future studies can consider
updating the models proposed in this study when additional data from empirical, experimental,
or numerical analysis become available. In addition, bias treatment and uncertainty quantifica-
tion can be considered in future studies. Also, there is an opportunity to cover more building
forms, infrastructures, and other components of the built environment. Another important con-
sideration in the future is the adoption of hydrodynamic and impact forces in damage depic-
tion. If velocity is available at each entity, momentum flux can be used as an IM instead of
inundation depth alone. The vulnerability model for agricultural land is a preliminary model
and thus requires an update in the future considering crop resilience, different stages of crops,
crop types, and multi-crop scenarios within the affected areas.

Appendix

Table 2 summarizes the input and sources used for hydrologic modeling. Precipitation
records and river discharge were collected from the Department of Hydrology and Meteo-
rology (DHM), Government of Nepal. The records include daily time series cumulative
rainfall (mm) covering the watershed, and average daily discharge (m*/s) data at Khokana
station (Station Index: 550.05) between 1995 and 2024. Additionally, the rating curve and
stage readings at Manohara station (Station Index: 538) during recent flooding (August/
September 2024) were also acquired for validation. Geospatial data such as digital elevation
model (DEM) and land use/cover (LULC) were required for both HEC-RAS and HEC-
HMS models. We used TerraSAR-X add-on for DEM (TanDEM-X) distributed by the Earth
Observation Center (EOC) of German Aerospace Center (https://download.geoservice.dlr.
de/TDM30_EDEMY/). The LULC map was extracted from the Sentinel open access site (ht
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Table 2 Characteristics of the

Data Type Resolution Source
study area used for flood hazard -
. Spatial Temporal
modeling
DEM 5 m (resampled) 2015 TanDEM-X
LULC map 10 m 2020 ICIMOD
(resampled) (href="https://

www.icimod.
org/" data-mce-
href="https://w
ww.icimod.org/
">https://www.
icimod.org/)
Rainfall Daily/sub daily 1995 -2024 DHM
Discharge Daily/sub daily  1995-2024 DHM

tps://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=-66.80083%2 C-9.32196%2C1
1&mode=step&timeExtent=2017%2C2023&year=2023).

Contrary to the hydrologic modeling approach, which can simulate time series rainfall-
runoff phenomenon, a hydrodynamic model can emulate peak flood events more accurately
for short term event-based simulations. The event-based calibration, performed using trial-
and-error procedure, showed acceptable performance with parameter sets shown in Table 3.
Fig. 19 and Fig. 20 respectively demonstrate the model’s capability to reproduce the histori-
cal flood events of 2002 and 2004 with acceptable performance.

The calibrated model was applied to simulate the recent flood of August/September 2024
to validate the model. Simulated discharge at Manohara station was compared with the
discharge computed using the rating curve from DHM. The model is found to be capable
of reproducing the recent flood event of August 2024 reasonably well as shown in Fig. 21.

Furthermore, inundation depth along the Manohara River is mapped using the HEC-
RAS model and real-time observations have been added to validate the map. The simulated
depths were comparable with the observed depths collected from the field survey. It showed
Nash-Sutcliffe Efficiency (NSE) and R? of 0.88 and 0.94, respectively for August 2024

Table 3 Final set of parameters used for HEC-RAS calibration

Land cover type Manning's parameter Infiltration parameter
Manning'sn % imperviousness Maximum Initial deficit Potential
deficit (mm) (mm) percola-
tion rate
(mm/hr)
Waterbody 0.065 45 10 5 0.02
Snow 0.0001 100 0 0 0.0001
Forest 0.08 15 15 10 0.35
Riverbed 0.065 55 15 10 0.3
Built up area 0.11 80 10 7 0.1
Cropland 0.04 10 15 10 0.25
Bare soil 0.045 10 15 10 0.45
Bare rock 0.05 25 10 5 0.1
Grassland 0.055 15 20 15 0.45
Other wooded land ~ 0.065 10 15 10 0.1
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Fig.21 Comparison between estimated discharge based on the observed water level and rating curve and
HEC-RAS simulated discharge at Manohara station for August 2024 flood event
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Fig. 24 Inundation map for 5-year RP flooding scenario
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Fig. 25 Inundation map for 50-year RP flooding scenario

flood, and 0.94 and 0.95, respectively for September 2024 flood. Strong positive coefficient
of determination validates the representativeness of the numerical model.

After calibrating the HEC-RAS model, the parameter sets were transferred to the HEC-
HMS model to estimate historical time series at Manohara station. The outcome was then
used for flood frequency analysis using Gumbel’s method at Manohara station. Water lev-
els and flood inundation maps were generated from HEC-RAS for the August 2024, and
September 2024 flood events as well as various return period floods. The maps were post-
processed using QGIS.

After calibration and validation of the historical events, rainfall frequency analysis at
individual rainfall stations was carried out using Gumbel’s method to extrapolate rainfall
values for different return periods. The rainfall values were input to the calibrated model at
the respective gages to simulate flooding adhering to different return periods.
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