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ARTICLE INFO ABSTRACT

Keywords: Study region: This study considers the Khando River (a tributary of Koshi River) in eastern Nepal.
Flood hazard mapping Study focus: To quantify the hazard and vulnerabilities across one of the frequently flooding
Flood vulnerability catchments, i.e. Khando River, we conducted flood hazard assessment for 20, 50, 100, and 200

Flood fragility function
Khando River
Residential building

years return periods. We coupled flood hazard analysis with vulnerability analysis of the most
dominant construction system along the river channel, i.e. wattle and daub houses. Based on the
measured inundation depths, we created vulnerability and fragility functions. The flood hazard
maps, damage mechanisms due to the 2017 flood, and vulnerability, as well as fragility, curves
are reported in this paper.

New Hydrological Insights for the Region: The flood hazard analysis highlighted that the 2017 flood
was equivalent to 20 years return period flood. Flood hazard analysis shows that the variation in
the maximum inundation depth is not so wide between 20 and 200 years return periods for the
Khando River catchment. Flood vulnerability analysis of residential houses along the riverbank
highlighted that the wattle and daub construction system is highly vulnerable even for 20 years
return period flood. Thus, the floods equivalent to 50, 100, and 200 years may have detrimental
consequences in the future.

1. Introduction

Flood, overflow of water beyond the river channel, is one of the major natural hazards that causes enormous loss of lives and
properties worldwide every year. Floods become more severe once they pass through built-up areas and arable lands as in the case of
1993 flood in Nepal, 2008 Koshi flood in eastern Nepal (Government of Nepal, 2009), and the 2017 central Nepal water flood
(Gautam and Dong, 2018). Several historical flood events show that the major losses are incurred across the river and rivulet
channels. For instance, the 1993 floods across Nepal, 2002 central Nepal flood, 2008 Koshi river flood, 2008 Western Nepal flood,
2012 Seti river flood, 2017 flood across Nepal, among others reflected that the major losses had occurred along the riverbanks. The
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1993 flood in Nepal caused 1170 fatalities and damaged some 32,765 buildings (Government of Nepal, 2009). Similarly, the 2008
Koshi flood displaced around 65,000 people in Saptari and Sunsari in eastern Nepal (Government of Nepal, 2009). The 2017 flood in
Nepal destroyed 41,625 and damaged 150,510 houses leading to an overall loss of US$ 187.9 million (Government of Nepal, 2017).
The post-flood recovery needs assessment conducted after the 2017 flood events in Nepal depicted that 53.3 % of total recovery needs
was required for housing sector only (Government of Nepal, 2017). The Department of Hydrology and Meteorology (DHM) recorded
the highest ever mean rainfall of 1800 mm, substantially exceeding the average of 1200 mm in 2017 (Government of Nepal, 2017). A
total of 7141 families were affected along with the total economic loss of US$ 7.8 million during 2015 and 2016 floods in Nepal
(Government of Nepal, 2020). Most of the flood events worldwide have depicted that the impacts of floods on built environment
would be disastrous (see e.g. (Government of Nepal, 2009; Guzzetti et al., 2005; Marchi et al., 2010; Cao et al., 2016; Santo et al.,
2016; Tsakiris, 2014; Fuchs et al., 2007; Santos et al., 2015; Gautam and Dong, 2018), among others). As losses are inevitable due to
floods, many researchers have considered flood hazard mapping as one of the most efficient tools for prevention to mitigation. In
recent decades, many researchers have performed flood hazard mapping in various parts of the world as reported elsewhere (see e.g.
(Hagen et al., 2010; Di Salvo et al., 2018; Nharo et al., 2019; Popa et al., 2019; Zhang et al., 2015; Ntajal et al., 2017); among others).
For flood modeling, HEC-RAS (Hydrologic Engineering Center-River Analysis System) (US Army Corps of Engineers, 2020), HEC-
geoRAS (Hydrologic Engineering Center-Geospatial River Analysis System) (ESRI, 2020), and GIS (Geographical Information System)
(ESRI, 2020) are extensively used by researchers (see e.g. (Sarhadi et al., 2012), (Ben Khalfallah and Saidi, 2018; Ezz, 2018; Miranda
and Ferreira, 2019; Santo et al., 2016), among others). Generally, basin-scale flood hazard mapping is performed worldwide (e.g.
(Grimaldi et al., 2013; Bourenane et al., 2019; Zhao et al., 2019; Shadmehri Toosi et al., 2019; Kazakis et al., 2015), among others);
however, limited works exist in literature for Nepali river basins (e.g. (Mishra and Herath, 2015; Khanal et al., 2007)).

Flood damage to structures and lifelines and losses to lives and property prompt crucial planning in terms of flood hazard
mapping and mitigation strategies. The problem of floods in many urban and rural areas of Nepal is still severe as floods would
generally affect Nepal in almost every monsoon. Most of the flood victims would be the people living in the flood plain areas as in the
case of 2008 Koshi flood and 2017 central Nepal flood. Although flood damage is widespread, and losses are enormous, due attention
is yet to be paid in terms of hazard, vulnerability, and risk studies across Nepal. Gautam (2017a,b) presented a generic flood risk map
for the southern part of Nepal; however, the map is based on topographical features only so it may not be exhaustive to represent the
flood scenarios. This necessitates basin-scale studies to assess the flood hazard which may be helpful in designing countermeasures
and preparedness initiatives to downscale the losses. The annual torrential precipitation (Talchabhadel et al., 2018), high surface run-
off rate, deforestation, urban expansion, and land-use change (Lamichhane and Shakya, 2019a,b) could lead to frequent flooding
events. As the land use/cover change dynamics seems rapidly changing even within a short time (Lamichhane and Shakya, 2019a,b),
there is also a high risk of frequent and devastating flood events in Nepal.

The flood events can neither be controlled completely nor the effects could be completely checked; however, the flood impacts
can be minimized by structural and non-structural mitigation measures. For effective planning and understanding, flood vulnerability
analysis of structures and infrastructures is one of the rational approaches. Flood vulnerability analysis of the built environment is
gaining attention in recent decades and many researchers are paying attention to develop flood vulnerability functions (see e.g.
(Fuchs et al., 2019a,b; Baradaranshoraka et al., 2019; De Risi et al., 2019), among others). The vulnerability, as well as fragility,
functions depict the probability of occurrence of particular damage under the flood intensity level. Fragility and vulnerability
functions are important tool for estimating flood effects prior to the flood as well as to prioritize response and recovery efforts after
flood events considering the built environment. To the best of authors’ knowledge, vulnerability and fragility functions for buildings
in Nepal do not exist. It is worthy to note that Gautam and Dong (2018) constructed depth-damage curves for residential stone
masonry buildings using the damage data after the 2017 flood. Similarly, Adhikari et al. (2019) constructed flood and multi-hazard
fragility functions for highway bridges in Nepal using a heuristic approach. After the 2017 floods in eastern and central Nepal, flood
damage to the structures and infrastructures and associated losses are more pronounced as frequent floods are inevitable in Nepal.

In this paper, we perform flood hazard mapping for Khando River catchment in eastern Nepal which observes frequent floods and
attributed damages and losses are severe. Together with flood hazard maps for various intervals, we present flood vulnerability
analysis of wattle and daub dwellings which is the most dominant construction system across the riverbanks. Most of the historical
flood damage reports show that the worst affected building type would be the wattle and daub construction (NPC, 2017). Thus, we
present the vulnerability and fragility functions for residential wattle and daub dwellings together with flood hazard maps for 20, 50,
100, and 200 years return periods in this study.

2. Material and methods
2.1. Study area

Nepal is situated between longitude 80° 4’ E to 88° 12’E and latitude 26° 12’ N to 30° 27’ N. The elevation of the country varies
from 60 m at Jhapa in the south to 8848 m at the Mt. Everest in the north within a short horizontal distance of 90-120 km. The spatio-
temporal variation of precipitation is very high due to the variation in topography (Talchabhadel et al., 2018; Karki et al., 2017). The
precipitation variation ranges from less than 300 mm in dry rain shadow regions to more than 5000 mm in wet region in Lumle of
Kaski district in western Nepal (Department of Hydrology and Meteorology, 2020). About 6000 rivers and rivulets are in Nepal with a
total length exceeding 45,000 km and with the total drainage area of 191,000 sq. km. Khando River is a non-perennial spring river
that mainly passes through Saptari district in eastern Nepal and meets the Koshi River (Fig. 1). Saptari district covers an area of 1363
km? and has a population of 639,284 per the 2011 census (Central Bureau of Statistics Nepal, 2012). The total building population in
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Fig. 1. The Khando River catchment in eastern Nepal.

Saptari district was 121,064 in 2011, among them 62,465 buildings were wattle and daub houses (Central Bureau of Statistics Nepal,
2012). The catchment area of the Khando River is 117.3 km? and elevation ranges between 67-419 m from the average mean sea
level. Per the long-term climate data (1986-2015) recorded in the catchment, the annual average rainfall is ~1800 mm
(Talchabhadel et al., 2018). Similarly, annual maximum and minimum temperatures in the catchment are ~33.7 °C in May and ~8
°C in January based on the long-term climate data (1981-2012) (Department of Hydrology and Meteorology, 2020). The length of the
river is 25.246 km. Khando River is one of the most notorious rivers in terms of flooding and associated damages as per the records of
floods in recent decades (see e.g. (NPC, 2017; Government of Nepal, 2009)). The majority of the river stretch lies in the Indo-Gangetic
plain, so the river is flat with an average bank height of ~0.8 m. Moreover, the river would be dry for most of the period except for
the rainy season. The river has a meandering channel; however, we did not observe significant channel shifting between 2015 and
2017. We have considered the width of the study area from 800 to 1000 m. Geologically, Khando River catchment is characterized by
loose pebbles and cobbles. Being a river originated from the Siwalik region, Khando River has also high sediment transport rate and
the aggradation of the river channel is quite common. The catchment has drainage density of 0.47 km/km?, average permeability of
25-75 m/day, and the time of concentration of the catchment is 4.129 h based on the Kirpich equation (Maidment, 1992). After the
Siwalik region, the flood plain area of the Khando River increases due to significant reduction in river slope. As shown in Fig.1, the
largest fraction of land use is associated with agriculture. The northern part of the catchment mainly comprises the forest and
shrubland. However, the southern part of the catchment comprises agricultural and barren areas. The barren areas would be gen-
erally comprised by slums and squatter settlements. As the entire catchment is not densely populated, the land use map does not
clearly depict the built-up areas due to scattered settlements. The northern part of the catchment is less populated than the southern
part. The southern part of the catchment comprises densely populated settlements even in the riverbanks. As the settlements beside
the riverbanks are usually slums and squatter settlements, housing typology predominates the wattle and daub constructions with
some brick masonry buildings. Every year thousands of people become homeless due to the flooding in the Khando River and losses
would be attributed to crops, livestock, and infrastructure damage as well.
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2.2. Methodology

2.2.1. Flood hazard mapping

To assess the flood hazard across the Khando River catchment, we collected the topographical survey data and prepared digital
elevation model (DEM) for both left and right banks of Khando River using Kriging’s interpolation tool as it is a fast and flexible
method of creating DEMs (Pavlova, 2017). Furthermore, we prepared 12.5X12.5 m resolution DEM in Arc GIS by creating Triangular
Irregular Network (TIN) from topographic survey data. The topographic survey was conducted in 2015 using Total Station having the
least count of 0.001 m for 30 km longitudinal chainage and ~1000 m cross-section that includes upstream and downstream of the
damage location. The accuracy of the created DEM was confirmed with the freely available open street map in Arc GIS. We collected
SRTM (Shuttle Radar Topography Mission) 30 m (SRTM Digital Elevation Database, 2020) DEM and performed spatial analysis to
depict the flow direction, flow accumulation, and watershed delineation. Both DEM and spatial analysis were performed in Arc GIS
10.3.1 environment. The processed raster was then subject to HEC-geoRAS preprocessing. We digitized and formulated TINs for
channels, riverbanks, flow path lines, and cross-section cutline. Rainfall data from a nearby meteorological station (see Fig. 1) was
collected from the Department of Hydrology and Meteorology, Government of Nepal. Rainfall data between 1972-2018 was em-
ployed for the analysis. The daily rainfall range was between 42-245.5 mm/day for the recorded period. The annual wetness index
for the catchment is 1600 mm (Talchabhadel et al., 2018). We trialed several methods to estimate the flood discharge and adopted
Hydest2004 DHM approach (Department of Hydrology and Meteorology, 2020) as it was exclusively derived and implemented for
un-gauged rivers in Nepal. Hydest2004 DHM method is the modification of the WECS 1990 (Water and Energy Commission Se-
cretariat) method (Department of Hydrology and Meteorology, 2020). Hydest2004 DHM method treats the entire country as a single
hydrological region and performs regionalization for low flows, long term flows, and flood flows. This method estimates discharges
for 2 and 100 years return periods first and facilitates the discharge estimation for any other return period based on empirical
formulas (for further details, see: https://www.dhm.gov.np/). Furthermore, a comparison between several other approaches high-
lighted that Hydest2004 DHM approach results in the highest discharge. The outputs of HEC-geoRAS preprocessing provided GIS to
RAS import files, thereafter, one-dimensional hydrodynamic models were created in HECRAS 5.0.7 for the flood frequency analysis of
20, 50, 100, and 200 years return periods. Firstly, we analyzed observed rainfall data from the nearby meteorological station (see
Fig. 1) and found the daily maximum rainfall for the day on which flood event occurred (August 13, 2017). The recorded maximum
daily rainfall was 207.5 mm, which nearly coincides with 20 years return period. Thus, we opted 20 years as one return interval
together 50, 100, and 200 as scenario return intervals for severer floods than that of 2017. The Manning’s ‘n’ value, flow data, and
boundary conditions were inputted in the imported GIS2RAS file and the HECRAS results were obtained. To perform HECRAS
analysis, we inputted critical depth as the boundary condition and mixed flow regime. The flow data obtained from Hydest 2004
DHM method and geometry obtained from the DEM created from survey data were also inputted. The cross-sections were created in
HEC-geoRAS at 200 m intervals for 1000 m width. We adopted Manning’s roughness coefficient 0.035 for the river channel and 0.04
for the banks (Gautam and Dulal, 2013) as Khando River is a tributary of Koshi River Basin. Thereafter, we obtained the water surface
profiles and checked the sufficiency of cross-section coverage. If the decision led to insufficient cross-sections, HEC-geoRAS pre-
processing was repeated as shown in Fig. 2. In the case of enough cross-section coverage, the outputs were exported to GIS from
HECRAS and water surface TINs were created in Arc GIS environment. Thereafter, flood plain extent and depth grids were obtained
and flood hazard maps for 20, 50, 100, and 200 years return period were prepared using Arc GIS. The step-by-step procedures to
obtain the flood hazard maps are shown in detail in Fig. 2.

2.2.2. Flood vulnerability of residential building

To obtain flood vulnerability functions, most of the researchers have used inundation depth as the intensity measure (see e.g.
(Fuchs et al., 2019a,b; Godfrey et al., 2015; Karagiorgos et al., 2016), among others). We also used inundation depth to derive
fragility and vulnerability functions using the depth and damage data collected after the 2017 flood in eastern Nepal. We measured
the depth of inundation and estimated the damage extent (damage ratio) for wattle and daub dwellings, brick masonry, reinforced
concrete (RC) constructions in the affected areas of Saptari district. As masonry and RC building damage were limited, the most
extensively damaged construction system, i.e. wattle and daub, is incorporated in this study to delineate flood vulnerability to
residential buildings. The damage ratio was estimated as the fraction of total repair cost to the overall cost of new construction. As the
direct evaluation of the damage extent would be affected by biases such as erroneous and subjective judgments, we first estimated the
overall cost of construction interviewing the local people and flood victims and then assessed the damage to individual houses to
obtain the damage ratio. The damage ratio was assigned between 0-1. The damage ratio value 1 indicates the complete collapse of a
building (new construction required), whereas, the 0 value of damage ratio indicates the building remained unharmed due to the
flood. The depth of inundation was measured directly in-situ by measuring tapes. Logit function was chosen to construct the vul-
nerability (depth-damage) function fitting the depth and damage data. It is worthy to note that several researchers have considered
various statistical distributions to construct vulnerability/fragility functions (see e.g. (Shinozuka et al., 2002; Porter et al., 2007;
Rossetto and Elnashai, 2005; Gautam et al., 2018; Gautam, 2017a,b; Parisi and Sabella, 2017)). Among them, Weibull, modified
Weibull, linear, second-order polynomial, logistic function, third order polynomial, among others are commonly practiced (for
further details, see: (Fuchs et al., 2007; Totschnig and Fuchs, 2013), among others). Based on the collected information, fragility
functions for discrete damage classes were also constructed using lognormal distribution. In total, we assessed 34 damaged wattle and
daub houses and processed the data to construct vulnerability function and fragility functions. Most of the wattle and daub buildings
would be swept away by the water current so it is very difficult to find many cases of damage across the main river channel. As post-
flood damage data are rare, most of the researchers previously derived vulnerability/fragility functions using limited data sets. For
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example, (Godfrey et al., 2015) used 24, Quan Luna et al. (2011) used 13, Totsching et al. (Totschnig and Fuchs, 2013) used 67,
Azmeri and Isa (2018) used 38, Kang and Kim (2016) used 25, and Papathoma-Kohle et al. (Papathoma-Kdohle et al., 2012) used 51
building damage data to construct vulnerability function. As real flood damage data are valuable because of their exact re-
presentation, the vulnerability/fragility functions constructed using the real damage data would be more representative than the
simulated ones. Thus, many researchers are developing vulnerability functions even with limited datasets. Furthermore, in the case of
the availability of discrete damage data, it would be imperative to construct fragility functions so that the probability of exceedance
of various damage states would be discretely presented. It is because the damageability function reflects just the damage or non-
damage scenario in a particular inundation depth. To date, most of the researchers have used lognormal distribution for the post-
disaster database (e.g. (Porter et al., 2007; Gautam et al., 2018; Shinozuka et al., 2002); among others). We also fitted two-parameter
lognormal fragility functions for five damage classes: minor, major, severe, beyond repair, and collapse. The damage classes were
determined based on the mean damage ratio that was assigned to each surveyed building. The minor, major, severe, beyond repair,
and collapse damage states correspond to damage ratios of 0.15, 0.35, 0.50, 0.80, and 1 respectively. For each intensity measure (IM)
level, the probability of reaching or exceeding the particular damage state (DS), can be presented as a two-parameter lognormal
distribution function F(x) using the maximum likelihood approach. The likelihood function for lognormal fragility can be expressed
as:

N
L= [F)Pi[1 — F(xp)] % ...
il:Jl: (€8]

Where F(-) is the fragility function for the specific damage state; a; is the measured depth of inundation (m) for the affected building i;
y; is 1 or O based on the damage status of the buildings exposed to a; ; and N is the total number of buildings. The two-parameter
fragility function, F(x), can be represented as:
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F(x) = ¢[M] e

g

where @[-] represents standardized normal distribution function; and a and 8 are the median and dispersion parameters of the
lognormal distribution. The parameters a and 8 are estimated satisfying the following conditions:

din(@) _ dIn(@) _
do ~ dp 7 3)

3. Results and discussions

We conducted flood hazard analysis and flood vulnerability analysis of wattle and daub houses which is a dominant construction
system along the Khando Riverbank in eastern Nepal. The results are reported in terms of flood hazard maps, flood performance of
residential buildings, and flood vulnerability of wattle and daub buildings separately in the following sections.

3.1. Flood hazard mapping

First, we obtained discharges for 20, 50, 100, and 200 years return periods. The instantaneous flood discharges were obtained as
408, 534, 660, and 754 m>/s for 20, 50, 100, and 200 years return periods. Fig. 3a shows that the maximum inundation depth for 200
years return period is 4.2 m. Most of the areas across the catchment depict the inundation depth between 0.5-2.5 m for 200 years
return period. Fig. 3a, b, ¢, and d highlight that the inundation depth was less in the left bank of the river due to higher topographical
relief than the right bank.

As shown in Fig. 3b, the maximum inundation depth is 4.12 m for 100 years return period. The maximum inundation depths for
50 and 20 years return periods were obtained as 4 and 3.85 m respectively. The variation in the maximum inundation depth is not
wide possibly because there is no significant elevation difference between the river channel and adjoining areas. Channel shifting and
formation of artificial levees due to aggradation would act as the border between the river and agricultural land. This peculiarity
sometimes leads to high inundation depth even beyond the river channel. Channel shifting in the Khando River occurs primarily due
to the occurrence of loose soil and subsequent erosion. Fig. 3a, b, ¢, and d collectively delineate that with the decrement in inundation
depth, the larger fraction of the catchment would be less inundated. This means when the maximum depth of inundation decreases,
more areas tend to be exposed to less than 0.5 m inundation.

3.2. Flood vulnerability of residential wattle and daub buildings

3.2.1. Flood performance of residential buildings

After the 2017 flood in central and eastern Nepal, we conducted field surveys in the affected areas; mainly in Sunsari and Saptari
districts in eastern Nepal. The survey was dedicated to assessing the damage mechanisms and damage levels in affected structures and
infrastructures. The major damage location was across the Khando River in Saptari district. The most affected building form was the
wattle and daub system. Similar observations were made also in Sunsari district. Wattle and daub constructions are low-cost folded
bamboo constructions with thatched or galvanized iron (GI) roofing with bamboo or concrete post with marginal (usually single)
reinforcement that would be available in the local market. Wattle and daub buildings are usually one to two-storied constructions
that usually do not have specific foundations. Rather, bamboo or concrete pillars inserted on the ground serve as the foundation
system. The pillars would not be tied at the plinth level; however, they would be tied at the eaves level with folded bamboo sheets.
The wall system comprises the folded bamboo sheets or shrub shoots. The wall skeleton would be then plastered with the clay usually
mixed with cow dung. The wall thickness would be uniform throughout the dwelling including the partition walls. As shown in
Fig. 4a, the concrete pillars of a wattle and daub house were washed away by the flood. Due to the lack of adequate stiffness of walls
and pillars, water current easily washed away the walls and pillars. We did not observe any connection to tie-up the structural system
(pillars and walls), thus the effect of water current became more localized leading to the collapse of some parts of the house. Fig. 4b
shows a washed away wattle and daub house that was fixed again for temporary use. It is worthy to note that the brittle damages in
structural members were scarce; however, the poor connections and less depth of insertions on the ground fundamentally affected the
performance of houses during flood. Fig. 4c shows the remains of a wall of wattle and daub house made up of bamboo pillars. As
shown in Fig. 4c, a thin sheet of walls could be observed which leads to negligible stiffness against the water current during flooding.
Fig. 4d displays a house with ejected and distorted concrete pillars together with some washed away wattle and daub walls. We
measured the depth of inundation between 2—170 cm in the affected areas. The inundation depth of 2 cm had negligible to slight
damage in houses; however, 170 cm depth of inundation led to complete collapse to beyond repair damage level.

Nearby the East-West Highway in Saptari district, we observed a spectacular example of reinforced concrete (RC) building da-
mage (Fig. 5a). At the depth of inundation of 2.5 m, the foundation of the building was washed away, and the frame was also heavily
damaged. The building was under construction and we observed that the building was not code-conforming due to lack of adequate
ductile detailing. The flooded water discharge got high velocity in a narrow channel passing through the foundation and heavy
erosion occurred subsequently leading to the collapse the RC building. Fig. 5b shows an example of a concrete pillar inserted into the
piled-up clay that serves as the plinth. It is obvious that once eroded, the pillars would distort or get washed away. In Fig. 5c, a mixed
construction system could be observed that came into practice after the 2008 flood in the affected areas of Saptari and Sunsari
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Fig. 4. a) Wattle and daub house partly damaged by flood, b) a destroyed wattle and daub house restored for temporary use, ¢) remains of a building
(one wall) as three other walls were destroyed by the flood, d) a distorted wattle and daub house with collapsed and washed away walls.

Fig. 5. a) A washed away under-construction reinforced concrete building, b) ejected concrete pole displays the marginal depth of insertion to the
ground, c) single wythed brick wall construction in the direction perpendicular to likely flood direction, d) vernacular multi-wythed flood resilient
construction practice in southern Nepal.

districts. The walls normal to the likely flood direction were made up of single wythed brick masonry to increase stiffness; however,
the orthogonal walls were still constructed using wattle and daub system. It is interesting to note that the first story of the house is
constructed with brick and the second story was continued with wattle and daub system; possibly due to the assumption that the
flood may rise to the first story level only. Such construction systems are designated to be flood resilient. Similar resilient practices
are also reported elsewhere (see e.g. (Gautam et al., 2016)). Fig. 5d shows a vernacular form of a residential building in which the
first story is a multi-wythed brick masonry and the second story comprises timber construction. The construction system in southern
Nepal is mostly governed by reinforced concrete, brick masonry, and wattle and daub, notably, the importance of wattle and daub is
more than any other building form due to several reasons. The first is that the wattle and daub construction is the most popular
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Fig. 6. Vulnerability function (depth-damage curve) for wattle and daub houses.

amongst low-income to poor people who could not afford modern and expensive housing. Similarly, wattle and daub is the most
widely practiced in the slum areas and such areas generally occur in the river banks where land would be available free of cost. Thus,
flood impact on wattle and daub buildings would be more pronounced not only due to their inherent vulnerabilities but also due to
their vast presence in the flood-prone areas.

3.2.2. Flood vulnerability and fragility functions for wattle and daub dwellings

Based on the data collected during the field survey, we constructed a vulnerability curve for the wattle and daub construction
system. The vulnerability curve considering the logit function was derived as shown in Fig. 6. As shown in Fig. 6, inundation up to 20
cm depicts the damage ratio less than 10 %, inundation of 50 cm leads to 20 % damage, inundation of 1 m leads to 50 % damage and
inundation of 1.6 m results in 90 % damage to wattle and daub dwellings. Notably, slight to minor damages need scrutinized efforts
to demarcate hence the lower inundation depths hardly contribute in construction of vulnerability curve, which is often regarded as
the depth-damage curve. Obtaining discrete data points is challenging especially in the case of flood events because most of the
heavily damaged and collapsed buildings would not show the actual impression of inundation depth. However, we assessed distinctly
inundated and damage wattle and daub dwellings during the field survey. The inundation scenario comparable to the 2017 flood was
reflected by the 20 years return period flood. The average inundation along the bank where the damage has occurred was ~1.5 m.
Similarly, the average depth of inundation was also 1.5 m for the riverbank. This is evident that the 20 years return period can cause
significant damage to wattle and daub buildings. Thus, to predict the probabilistic performance of wattle and daub constructions,
vulnerability and fragility curves derived in this study play a vital role. Both vulnerability and fragility curves could be used to get the
probability of damage/damage level exceedance for a particular inundation depth from any return period. At higher return periods,
the inundation depth would be higher in general, the expected performance level or damage level of wattle and daub construction
system could be estimated from Figs. 6 and 7.

We further processed the data to construct fragility functions for five damage classes. Among 34 damage cases, 12.5 % houses
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Fig. 7. Flood fragility functions for wattle and daub houses.
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Table 1

Adjusted lognormal distribution parameters for wattle and daub houses.
Damage state (DS) Lognormal distribution parameters

a (m) B

Minor 0.81 0.39
Major 1.06 0.39
Severe 1.29 0.39
Beyond repair 1.52 0.39
Collapse 2.03 0.39

depicted minor damage, 25 % depicted major damage, 18.75 % depicted severe damage, 25 % depicted beyond repair damage, and
18.75 % depicted collapse damage state. Considering the mean damage ratio for each damage state, lognormal distribution para-
meters were estimated. However, the quality of fragility functions was not satisfactory due to the limited database that resulted in
intersecting curves. Thereafter, we re-assessed the quality of fragility functions considering the distribution of standard deviation per
Egs. 4 and 5.

1 N
B =<8
NET (C))
@ = o(L28(8 =B +Iner) (5)

Herein, ﬁi' and o, represent the adjusted lognormal standard deviation and median for particular damage state i. After distributing the
lognormal standard deviations obtained initially, we adjusted the median parameter (a). The summary of corrected lognormal
distribution parameters is presented in Table 1.

As all the preceding fragility curve intersected the following curve, the redistribution of the lognormal standard deviation resulted
in the same value for all five classes. However, significant variation in terms of median depth of inundation (m) was observed as
shown in Table 1. The parameters were then plotted to obtain the fragility functions for five damage states as shown in Fig. 7. Fig. 7
highlights that up to the inundation depth of 30 cm, only minor damages are expected. Similarly, initiation of collapse with the
probability of exceedance less than 5% is expected after the inundation depth of 75 cm. At a depth of 1.2 m, the probabilities of
exceedance of collapse, beyond repair, severe, major, and minor damage states are respectively 10 %, 25 %, 40 %, 70 %, and 90 %. As
1.2 m depth of inundation is quite common during every monsoon in the southern plains of Nepal, it could be concluded that most of
the wattle and daub houses would not be usable at this depth. Thus, there is an urgent need for improvement in the wattle and daub
housing construction system to assure flood resilience. As the total cost of construction of wattle and daub houses ranges between US$
50-500, low-cost improvements are important because the owners cannot afford drastic improvements due to cost issues.

4. Conclusions

Flood hazard assessment is conducted for frequently flooding Khando River catchment in eastern Nepal. Using rainfall data of 47
years, we estimated inundation depths for the catchment and prepared flood hazard maps for 20, 50, 100, and 200 years return
period. The results highlight that the maximum inundation depth does not vary significantly as highlighted by the range of 3.85-4.20
m for 20 and 200 years return periods respectively. More than 95 % of the study area is likely to observe inundation depth up to 1.5 m
for all return periods considered in this study. The outcomes of the flood hazard assessment are subject to flood vulnerability analysis
of existing building types using the survey data. Forensic interpretations of the damaged structures are reported in this study. We used
the damage ratio and inundation depth to create vulnerability and fragility functions. The vulnerability analysis of the wattle and
daub construction concludes that the wattle and daub houses would observe damage even at low inundation depth (up to 0.5 m).
Meanwhile, at a depth of 1.7 m, most of the wattle and daub houses are expected to collapse. Fragility functions considering five
damage grades are constructed in this study. The flood hazard maps indicate that 1.5 m inundation would commonly occur, hence, it
is obvious that the wattle and daub construction system would be frequently affected by the flood causing enormous losses of lives
and properties. The average measured inundation depth was nearly equal to the estimated inundation depth for 20 years return
period flood, which highlights that the 2017 event was equivalent to 20 years return period rainfall. Even at the inundation depth of
1.7 m, more than 95 % of the wattle and daub houses would collapse as reflected by the newly developed fragility functions.
Similarly, at a depth of inundation of 2.5 m, even poorly engineered RC buildings would collapse. The low rate of collapse and severe
damage statistics is also attributed to a smaller number of buildings across the catchment. All the hazard maps depict that more than
95 % of areas would have inundation depth within 1.5 m. This indicates that the settlements with predominant wattle and daub
constructions across the riverbanks would be severely affected by floods of low return periods too. The juxtaposition of fragility
functions and flood hazard maps highlights that the wattle and daub constructions are highly vulnerable to even 20 years return
period flood. For the non-perennial spring rivers, flood events are quite frequent, and loss of lives and properties is reported almost
every year, thus, improvement of conventional wattle and daub system is urgent to save lives and properties in similar catchments.
The fragility functions developed in this study represent the wattle and daub constructions in the southern plains of Nepal and may
not represent the probability of damage occurrence for other environments such as the mountain torrents. Future studies may
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incorporate calibration of discharge estimation method with recorded discharge data to obtain more representative discharge values.
This may improve the flood mapping results in data-scarce environments such as the Khando River catchment. Similarly, the vul-
nerability and fragility functions may be also improved using more damage data. Coverage of broad areas during survey would also
improve the quality of fragility functions as a more discrete database would be available.
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