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Abstract

Debris flows are a hazardous natural calamity in mountainous regions of Nepal. Torrential
rainfall within a very short period of the year is the main triggering factor for instabil-
ity of slopes and initiation of landslides in these regions. Furthermore, the topography of
the mountains and poor land use practices are additional factors that contribute to these
instabilities. In this research, a GIS model has been developed to assess the debris flow
hazard in mountainous regions of Nepal. Landslide-triggering threshold rainfall frequency
is related to the frequency of landslides and the debris flow hazard in these mountains.
Rainfall records from 1980 to 2013 are computed for one- to seven-day cumulative annual
maximum rainfall. The expected rainfall for 1 in 10 to 1 in 1000 years of return periods is
analyzed. The expected threshold rainfall is modeled in the GIS environment to identify
the factor of safety of mountain slopes in a study watershed. A relation between the fre-
quency of rainfall and debris flow hazard area is derived for return periods of 25, 50, 100,
and 200 years. The debris flow hazard results from the analysis are compared with a known
event in the watershed and found to agree. This method can be applied to anticipated rain-
fall-induced debris flow from the live rainfall record to warn the hazard-prone community
in these mountains.
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1 Introduction

Rainfall-induced landslides that often change into debris flows are highly hazardous in
mountainous Nepal. Nepal has diverse seasonal rainfall. Approximately 80% of annual
rainfall occurs in the monsoon season (June to September) alone. The majority of land is
mountainous terrain (almost 83%), and 67% of the total population live in these landslide-
prone mountains. Landslides were the second most common cause of human death after
epidemics in Nepal from 1971 to 2015 (Ministry of Home, Nepal 2015).
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From 1983 to 2016, the total number of deaths and missing from landslides (par-
ticularly debris flows) was 9,153. This represents 269 lives lost per year (Ministry of
Home 2016). Landslide leads to flooding in the lower part of the mountains that killed
on an average 729 people per year between 1971 and 2016 (Ministry of Home, Nepal
2015; DWIDP 2017). Landslide and flooding destroyed about 5337 houses per year
during the period from 1971 to 2014 (DWIDP 2017). The plain area of Nepal, which is
about 17% of the total land in lower watersheds, is affected and damaged by flooding
and debris flow following rainfall-induced landslide (Ministry of Home, Nepal 2015).
The loss of life and property is increasing every year as suitable land is unable to match
the needs of the growing population for safe residential and commercial premises. This
effect is further worsened by the unplanned use of land for various activities and infra-
structure development. Because of limited resources and lack of understanding, the
vulnerability to landside hazard and other hazard loss is at a high level in Nepal, as
pointed by Corominas et al. (2014), compared to other developing countries. Assess-
ment of hazard, vulnerability, and risk for development activities is not a common
practice, as it is hindered by a lack of understanding of debris flow initiation, inunda-
tion, and its associated hazards. It is obvious from the facts above that the prediction
of the spatial distribution of debris flow hazards is important to save lives and property
in Nepalese mountainous regions. However, debris flow hazard assessment on a water-
shed scale has not yet been studied in these mountainous regions. There is a need to
address this research and technology gap to reduce the vulnerability of the population
and infrastructure in these regions to debris and save life as well as to establish suit-
able land use plans.

The overall objective of this research is to develop models for landslide (debris
flow) hazard assessment for Nepal’s mountains. For landslide hazard assessment in
a study area, knowledge of the temporal and spatial distribution of landslides for a
given rainfall return period is necessary. Models of landslide initiation and debris flow
assessment for different rainfall amounts in these mountains have been studied by Pau-
del (2018). As a further step toward discovering landslide hazards, research on the
probability of rainfall and its effect on the spatial distribution of landslides for different
return periods will be assessed. Finally, a model for hazard assessment will be devel-
oped, and it will be employed for developing hazard maps of the study area.

2 Study area

The area chosen for this study is the Kulekhani watershed, located in central Nepal,
about 30 km south of the capital city, Kathmandu (Fig. 1). The size of the watershed
is approximately 124 km?. The details (geographical and geomorphological charac-
teristics, geological and geotechnical characteristics, climate, land use pattern) of the
watershed are available in Paudel (2018), Kayastha et al. (2013), Dhital (2003), Dhakal
et al. (2000) and Lamichhanne (2000). The study watershed was devastated in 1993 by
a landslide event that took the lives of 1138 people in a single incident in the region.
This landslide event was associated with extreme rainfall, which triggered more than
300 landslides, most of which changed into debris flows over a two-day period, July 19
and 20, 1993. The landslide event caused flooding in the lower watershed of the river
system, and the total number of recorded deaths was more than 1500 (Dhital 2003).
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Fig.1 Location of the study area, Kulekhani, Nepal

3 Methodology

A landslide hazard, as defined by Varnes et al. (1984), is “a probability of occurrence of a
potentially damaging event in a given area and period of time.” After 15 years of Varnes
et al.’s work, Guzzetti et al. (1999) further defined landslide hazard by adding “magni-
tude” and redefining the probability of occurrence of a given magnitude of landslide in a
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given duration and location. Therefore, it is important to consider three components: prob-
ability of occurrence of a landside, its location, and its size when one conducts landslide
hazard assessment. Fall (2009a, b) and Fall et al. (2006) further clarified the term, stat-
ing that landslide hazard is characterized by “its location, intensity (magnitude), frequency
and probability.” The probability of the landside initiation, debris flow inundation, and the
magnitude of the event to cause vulnerability to the element at risk are important factors
for landslide hazard and risk assessment.

In this paper, the model for the “hazard” is established by applying landslide-trigger-
ing threshold rainfall duration, intensity, and annual probability (Corominas et al. 2014;
Guzzetti 2005a, b). Paudel (2018) verified the critical rainfall intensity and durations for
landside initiation while studying these mountains. These combinations of duration and
intensity of rainfall with their return period (annual probability) are applied to obtain the
probability of landslide-susceptible areas. This method is applied to the study watershed
area to estimate the potential locations of probable landslide occurrence regions for a given
rainfall return period. The relation of landslide area and rainfall return period is derived for
different rainfall recurrence within the watershed to use in hazard analysis, as proposed by
Reid and Page (2003).

Many models for landslide hazard assessments are GIS-based statistical methods, which
use previous landslide events as a base factor for the identification of potential landslides
in the future (Jaiswal 2011; Remondo et al. 2008). However, when a landslide occurs, the
topography of the area changes, and a similar rainfall intensity and duration may not still
be the threshold rainfall, even though its recurrence period is the same. When one landslide
event occurs, new analysis is required to consider the associated morphological change.
A model that can consider physical features of the watershed during landslide-triggering
threshold rainfall is necessary for finding potential landslide locations, independent of pre-
vious events. By using rainfall events, determination of related landslide-susceptible areas,
debris flow inundation, and the probability of hazard are carried out in a GIS environment
in this research. The outcome is the identification of the phenomenon that makes particular
hill slopes severely unstable for a given annual probable rainfall intensity and duration, and
its application to hazard analysis

Figure 2 shows the methodology developed for the assessment of debris flow hazard in
the study area, as well as the relationship between the different work steps of the investiga-
tions carried out. This approach includes four main stages. The first stage consists of the
acquisition of data and development of the database, which are required to conduct the
work described in the other stages of this study. In the second stage of this investigation, a
GIS-based assessment of landslide susceptibility and probability in the study area is per-
formed. The frequency of annual maximum rainfall is analyzed, and their related landslide
events in temporal and spatial dimension are derived for the study watershed. These land-
slide locations are considered as debris flow sources or debris flow initiation points. The
third stage deals with the GIS-based assessment of debris flow runout. The debris flow
runout distances are modeled from the identified landslide initiation points. This assess-
ment results in the development of a debris flow inundation map of the study area. Finally,
in the fourth stage of this study, the results obtained in stages 2 and 3 are used to conduct a
GIS-based assessment of debris flow hazards to develop a debris flow hazard map for the
study area. The main stages are described in detail below.
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Fig.2 Landslide (debris flow) hazard analysis methodology. GIS geographical information system, DEM
digital elevation model

3.1 Data acquisition and database

Data required for this study include: (i) a topographical map of the study area that was
obtained from the Topographical Survey of Nepal. Digital elevation model (DEM) was
then developed from the topographical map. Slope maps were developed from the DEM
as shown in Fig. 3; (ii) a geological map and previous landslide location maps, which
were collected from previous research in the study watershed (Paudel 2018; Kayastha
et al. 2013; Lamichhanne 2000); (iii) geotechnical parameters of the soils present in the
study area. These geotechnical parameters were obtained from the results of the field
and laboratory investigations performed in this study as well as from previous geotech-
nical investigations in the study area (Paudel 2018; Lamichhanne 2000); (iv) rainfall
data from the Department of Hydrology and Meteorology of Nepal; (v) soil-water char-
acteristic curves (SWCCs) developed from the above information.

3.1.1 Rainfall data

In the study watershed, rainfall is recorded at four rain gauge stations. Two rainfall
recording gauge stations, Daman and Markhu (Fig. 3), are within the watershed and
two, Chisapani and Thankot, are located close to it. Among these four rain gauge sta-
tions, the rainfall recorded in Chisapani is the highest. Rainfall is recorded once in each
24-hour period for all of these stations. The rainfall data are available for the period
from 1980 to 2013. As Chisapani Ghadi rain gauge station received the maximum
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Fig. 3 Digital elevation model (DEM) for the study watershed, Kulekhani

rainfall of the four stations, this station is considered for finding the worst conditions for
rainfall-induced landside hazard in the study watershed.

From the daily recorded rainfall during the period 1980 to 2013, the maximum rainfall
for one-day to seven-day periods is analyzed. These series of rainfall are used for prob-
ability analysis. The probability of rainfall for one to seven days, and the consequences for
landslide susceptibility are derived.

3.1.2 Topographical map and DEM

The topographical map is modeled as a triangulated irregular network (TIN) to develop
DEM, a raster map, as shown in Fig. 3. Figure 3 is further used for developing slope maps.
Maps of all parameters are developed in the GIS environment. All individual maps are
interpolated using inverse distance weighted (IDW) methods to create continuous raster
maps for the whole watershed. The extent of these maps and their cell numbers is sized to
the same scale for raster analysis.
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3.1.3 Groundwater conditions

There is no stable groundwater table in the hill portions of the studied watershed that can
affect the slope stability in these higher mountains, although the annual average rainfall
from four rain gauge stations is 1813 mm. The groundwater flow pattern and its signifi-
cance for landslides in this watershed can be found in Deoja et al. (1991). Some natural
water springs are found in the lower part of the watershed, but those pass through the rock
faults. A temporary perched water table develops and moves downward based on the inten-
sity and duration of rainfall. There is no stable groundwater table in the hill slope that
influences the slope stability in higher mountains in Nepal. A water table is available in
deeper locations in the valley which have no to very mild slopes; therefore, groundwater
effects are not considered in the analysis.

3.1.4 Geotechnical data

One previous landslide area was selected to conduct geotechnical investigations in order
to gain additional data (e.g., cohesion and friction angle, representing soil strength param-
eters) for the geotechnical characterization of the study area. The cohesion and friction
angle were obtained from direct shear testing (IS: 2720-1985). On-site infiltration tests
were conducted on two boreholes to ascertain infiltration capacity and permeability of
in situ soils. The initial moisture content, saturated moisture content, saturated unit weight,
dry unit weight, specific gravity, void ratio, grain size distribution, and saturated cohesion
and friction angle were obtained from collected samples. Other watershed information of
the study area is given in Dhital (2003).

The observed infiltration (0.00,178 cm/sec) is very high as compared to normal rainfall
intensity in the area. For infiltration depth computation, rainfall intensity is used as the
permeability coefficient in the analysis for low-intensity rainfall, and the infiltration rate is
used for higher-intensity rainfall. Therefore, the observed infiltration rate was used as the
permeability coefficient for the infiltration depth computation for high-intensity rainfall.
The maximum wetting depth is observed for a longer duration during recorded high rain-
fall, as infiltration is very high.

GIS layers representing each parameter required for Eq. (14) are developed and ana-
lyzed in the GIS environment.

3.1.5 Soil-water characteristic curve (SWCC)

A total of 73 locations in the watershed were considered for SWCC development. Soil
grain size distribution, plasticity index, and natural moisture content information from
those locations (Lamichhanne 2000) were applied to find matric suction. The results were
interpolated to the whole watershed using inverse distance weighted (IDW) methods in
GIS. The infiltration depth of probable maximum rainfall for one-day to seven-day cumula-
tive maxima for 25-, 50-, 100-, and 200-year return periods is analyzed.

3.2 Landslide probability

Corominas et al. (2014) indicated that the probability of landslide occurrence in a given
area can be obtained using different methods: heuristic (or expert judgment) methods,
rational (geomechanical approach) methods, empirical probability, and indirect methods.
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Corominas et al. (2014) also suggested an indirect approach to obtain the probability of
landside occurrence by relating the frequency of triggering factors, such as earthquakes
or rainfall for any watershed. In this research, the indirect approach is applied to estimate
landside frequency from the frequency of landslide-triggering rainfall events. A landslide-
triggering rainfall event X occurs for precipitation more than the threshold rainfall X7 in
a given time period for any watershed. The return period of the threshold rainfall may be
defined as the average recurrence interval between events equal to or exceeding the thresh-
old rainfall for this watershed. The probability of any rainfall event more than the threshold
rainfall is the product of the probability of a rainfall event less than the threshold rainfall
times the probability of one event more or equal to the threshold rainfall. The expectation
of recurrence period E(f) can be defined as given below (Chow et al. 1988):

E(t)= Y, i(1-p)'p (1)
=1

where p is the probability of the event and t is the time period:

=p+2(1-pp+3(1-p)’p+ -
=p[l+2(1-p)+3(1 = p)* + -]

E@ =p[(l - -py]” )

p _l_,

E(t)=—2_
[1-a-p]° 7

3

where the return period 7 of a rainfall event is the inverse of the probability, as the rainfall
event is a random event, independent of space and time.

The probability of a rainfall event X exceeding the threshold rainfall, Xz, for landslide
initiation in a watershed can be written as P(X > Xt)=1/T. This is an annual probability of
the rainfall. The probability of any rainfall greater than the threshold rainfall for a given
year period N is

=1-(1-p" )

N

or, the probability of threshold rainfall at least once in N year = 1 — (1 - %) .
Landslides do not occur during the maximum rainfall of every year, but may occur when
both rainfall duration and intensity increase beyond the threshold value. These rainfall
durations and intensities, which trigger landslides, are extreme values in the probability
distribution function. These extreme values may appear a couple of times in a single year
or not at all in some years. The probability distribution of these events must consider them
as extreme value events and therefore requires the application of an extreme value distribu-
tion function for probability analysis (Chow et al. 1988).

Extreme value observation lies in the initial or end of the probability distribution
function of all observations. Chow et al. (1988) mentioned that there are three ways to
analyze these observations based on the location of interest in the distribution function
such as high, low, or normal rainfall. These are extreme value distribution type I, type
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II, and type III. Extreme rainfall events are mostly modeled by the extreme value type I
distribution (Chow et al. 1988; Tomlinson 1980; Chow 1953). The extreme value type |
probability distribution function can be written as given below (Chow et al. 1988):

F(x)=exp[—exp<—x_u)] —00 <x< o 6)
Parameters a = @ @)

T
u=x-05772a (8)

where u is the mode of distribution (almost at the maximum probability density location), X
is the average, s is the standard deviation,

If (%) is replaced with y )
From Eq. (6.6):
1
oulo ()
For return period T
yT=_1n[ln<Ti1)] (n
From Egq. (6.10):
Xr=u+ayr (12)
XT=u+a[—ln[ln T H (13)
T-1

For a given return period 7, the probability of rainfall X at least once, other parameters as
defined above.

Rainfall data from 1980 to 2013 in the selected gauge station (Chisapani Ghadi) were
used in the analysis (Paudel 2018). From these data, one-day to seven-day period cumu-
lative annual maximum rainfall dates were identified. The cumulative rainfall on those
dates was developed for each year from 1980 to 2013. Among these data, one-day (24-
hour) maximum annual events were modeled using Log Pearson type II and type I. It
is found that the extreme values obtained from the frequency analysis are significantly
lower in type II than the extreme value of type I distribution. For further frequency
analysis, the extreme value of type I is considered. The annual probability of one-day
cumulative maximum rainfall to seven-day cumulative maximum rainfall is analyzed.
The associated probability of rainfall-induced landslide area is computed. Analysis of
the return periods of 25, 50, 100, and 200 years is used for probable rainfall at least
once annually. The rainfall event within the given duration from one to seven days, and
return period of 25 to 200 years are applied in the landslide initiation analysis.
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3.3 Landslide initiation or susceptibility assessment

The identification and mapping of landslide-susceptible zones with threshold rainfall are
necessary for hazard assessment. Rainfall-induced landslide susceptibility has been studied
by several authors, such as Horton et al. (2013), Park et al. (2013), Tsai and Chiang (2013),
Chiang et al. (2012), Enrico and Antonello (2012), Meyer et al. (2012), Kim et al. (2010)
Muntohar and Liao (2009), Fall (2009a, b), and Fall et al. 2006. Some of the models used
by these researchers required a large number of input data and complex procedures. Besides
dealing with a huge data-driven complex relation of rainfall and slope instability, a simple
model coupled with rainfall thresholds is a more practical approach for landslide susceptibility
assessment (Casadel et al. 2003). Furthermore, the empirical relation of rainfall intensity and
duration to landslide initiation can be found in Saito et al. (2010), Zezere et al. (2005), Aleotti
(2004), Crosta and Fratini (2001), Ceriani et al. (1994), Wieczorek (1987), and Cancelli and
Nova (1985). For mountains in Nepal, Dahal and Hasegawa (2008) recommended a relation
of threshold rainfall intensity and duration for landslide initiation. However, their method does
not consider influencing factors, such as topography, soil characteristics, and groundwater
(Rahardjo et al. 2007). After comparing various models, Chen and Young (2006), Casadel
et al. (2003), Hsu et al. (2002), and Claunitzer et al. (1998) suggested a simple rainfall and
slope stability model for practical applications. Considering this, the following models are
selected for landslide susceptibility assessment.

Slope stability model The slope stability for an unsaturated slope proposed by Fredlund
et al. (1987) and Cho and Lee (2002) is considered in this research. This method can consider
the initiation of landslide at different rainfall thresholds. The depth of the wetting front Z,, will
be equivalent to H in Eq. (14) for the stability analysis.

’ _ L _ ’
F= ((c +(ua uw)tang )+((an ua) tanﬂ)) 14
(y,Hsinfcosp)

where F,=factor of safety (FoS), ¢’ is effective cohesion, @' is effective friction angle, o, is
normal stress, H is wetting front depth, f is slope angle, v,, is the unit weight of soil, u, is
pore air pressure, u,, is the pore water pressure, (1, —u,,) is matric suction, o, —u, is effec-
tive normal stress on the slip surface, e, and @” is the rate of increase in shear strength due
to matric suction.

The infinite slope stability Eq. (14) has an unsaturated soil suction portion (u, —u,,) tan@”.
If the soil degree of saturation reaches 100%, this portion of the soil strength parameter
becomes zero and will be similar to saturated conditions. Various models are available for
identification of (u,—u,,) tan@” in terms of tan@’ (Khalili and Khabbaz 1998; Fredlund et al.
1996; Vanapalli et al. 1996). The equivalent shear strength relation proposed by Fredlund et al.
(1996), given in Eq. (15), is used in this study.

fp=c"+ (0 —u,) tang’ + (”a_"‘W)[(ak) tand)'] (15)

where tfis shear strength, © is the normalized water content (8,,/6,), 6,, is water content at
a given suction, and @ is saturated water content. After Garven and Vanapalli (2006), and
Vanapalli and Fredlund (2000), the fitting parameter k is related to the plasticity index ()
of soil in % and is given in Eq. (16).

— 2 2
k= —0.0016% +0.0975I> + 1 (16)
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For non-plastic soil, 7, will be zero and the fitting parameter k is equal to 1, which leads to
tan@® equal to O tan@'.

Unsaturated soil shear strength (Vanapalli et al. 1996; Fredlund et al. 1978) can be
obtained from soil-water characteristic curve (SWCC). Empirical relations developed
based on grain size distribution by previous researchers, Torres (2011), Fredlund and
Xing (1994, Eq. (17)), and Zapata (1999), are applied to obtain the soil water characteris-
tics curve. The modified SWCC model proposed by Fredlund and Xing (1994), Eq. (17),
requires various parameters. These parameters are: degree of saturation (S); soil suction at
residual moisture content, A, in kPa; a soil parameter related to the rate of water extraction
of the soil after air entry value (a), n (by); the slope of the SWCC; m (c;), which is a fitting
parameter or function of the residual water content; air soil parameter, a, which is a func-
tion of the air entry value in kPa; soil suction ¥, in kPa; the initial volumetric water content
e,,; and the volumetric water content in saturated conditions e,.

0, ln<l+zr>
R ) (A ET

The empirical model Eq. (18) proposed by Torres (2011) is applied here to obtain SWCCs
in which all grain sizes are used in the model. The detail of the analysis method is given in
Torres (2011) and implemented in Paudel (2018). The wPI term in Eq. (18) can be obtained
from Eq. (19), in which P, is percentage passed through a 200-number of sieve, and PI is
the plasticity index.

amn

log ¥ = 0.00005(wPI)* — 0.003(WPI)* + 0.03wPI + 1.1355 — (0.0126wPI + 0.7285) log D

— (0.001wPI + 0.0044) log D + (0.0002wPI + 0.0056) log D*
(18)

_ Pao(PD)

PI
e 100

19)
where wPI=weighted plasticity index in %, P,y,=material passing through a #200 US
standard sieve in %, PI=plasticity index, expressed in %.

Infiltration model Based on a wetting front concept (Zhang et al. 2011; Chen and Young
2006; Tsai and Yang 2006; Freeze and Cherry 1979; Green and Ampt 1911), Green and
Ampt’s original Eq. (20) is applied in the analysis for finding the infiltration depth (Z,,) for
different threshold rainfall durations 7\,. Equation (21) is for the iteration process.

T—LZ— Af1n Z +1 20
W_KW ‘W v l[/Aa > ( )
or
Z. =Kt AfIn | 1 Zy
w = Kt +y * n +W*A9 (21)
AO=06,-06, (22)
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where y is the suction head at the wetting front in the water column, A# is the difference in
volumetric water content between the initial and final water content, t is rainfall duration,
T,, is rainfall duration equivalent to threshold rainfall, 6, is the initial volumetric water
content before wetting, 6, is the final volumetric water content after wetting, and & is the
coefficient of permeability of the soil in the wetted zone.

Tsai and Yang (2006), Chow et al. (1988), and Freeze and Cherry (1979) studied the
variation of infiltration capacity of any soil with rainfall intensity and duration. When the
infiltration capacity is higher than the rainfall intensity, rainfall intensity governs the infil-
tration; and if rainfall intensity is greater than the permeability coefficient, infiltration will
be governed by permeability. Infiltration depends on soil permeability and initial moisture
content. If permeability is in a steady state condition and the soil has no moisture storage,
infiltration depends on permeability alone.

The rainfall intensity considered in this analysis is assumed to be evenly distributed
within the watershed.

The average soil strength parameters observed in old landslide areas are applied to the
entire watershed (Cohesion 11 kPa, Friction 28°). The soil suction applied in the analysis
range from 1 to 23 for 73 locations. Unit weight, friction angle, suction, and wetting depth
maps are prepared as required for FoS computation in map algebra. These raster maps are
used to compute the FoS in the GIS environment. The landslide-susceptible watershed area
based on an FoS of less than one for different rainfall is developed. The final landslide
susceptibility maps are developed for different rainfall durations and intensities. Landslide
susceptibility is classified in three categories: low-susceptibility areas with a FoS greater
than two; medium susceptibility with an FoS between one and two; and highly susceptible
area with an FoS of less than one. From the highly susceptible areas, landslides initiate and
change into debris flows and then travel to the other parts of the watershed. This informa-
tion is used in the GIS environment for debris flow hazard map development.

3.4 Debris flow runout assessment

Most of the rainfall-induced initial landsides in the study watershed change into destruc-
tive debris flows (Dhital 2000). Landslide source area and travel distance covered by debris
must be assessed separately, as the extent of these areas depends on different factors (Fell
et al. 2008). Various models have been proposed for debris flow runout assessment. These
are empirical (e.g., Hurlimann et al. 2008; Hunter and Fell 2003; Legros 2002), semi-
empirical, and dynamic models (e.g., Wang et al. 2008; Iverson et al. 1997; Savage and
Baum 2005; Sassa and Wang 2005). Debris flow is a complex physical phenomenon and
requires detailed information of debris characteristics, terrain topography, in situ moisture
conditions, and information about other influencing factors for its runout analysis (Wiec-
zorek and Naeser 2000). The dynamic analysis models require the above information in
detail. To obtain a reasonable result from analysis based on limited information, empirical
methods present better options (Horton et al. 2013; Carrara et al. 2008; Finlay et al. 1999).
In this research, empirical methods are considered for debris flow runout assessment. Pre-
viously developed landslide susceptibility maps (Paudel 2018) are considered as debris
flow source maps for debris flow analysis. The probable cumulative rainfall for one- to
seven-day periods for return periods of 25, 50, 100, and 200 years are used for landslide
susceptibility and probability analysis. Later, a landside susceptible area, which has a slope
stability FoS of less than one is used as a debris flow source.
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Debris flow runout analysis is carried out with various algorithms using the Flow-R
software (Horton et al. 2013). The Flow-R model can be used for the identification of land-
slide susceptibility and debris flow runout (Horton et al. 2013). An application of this soft-
ware can be found in Paudel (2018). Flow-R is an empirical model developed at the Uni-
versity of Lausanne. The Flow-R model has been applied in various regions of the world
with valid and reasonable results (Horton et al. 2013). Also, in the Flow-R model, options
for user-defined debris flow sources are available for runout-only simulations. There are
various algorithms available in this model; however, the algorithm identified by Paudel
(2018) for the study watershed is employed for the debris flow runout analysis. The debris
flow source is user-defined in this analysis as the source which is analyzed and discussed in
Paudel (2018) and Sect. 3.2.

The Flow-R model models listed in Table 1 are selected for analysis in this research
(Paudel 2018). In Table 1, the first column contains a list of source identifications. In this
research, the model selected for the source identification and definition of source areas
does not make any difference. For spreading algorithms, the Holmgren (1994) or Hol-
mgren modified algorithms (Horton et al. 2013) are both appropriate for use in this water-
shed. Modified Holmgren (1994) algorithms were developed by Horton et al. (2013) by
adding with some height (dh) at a central cell location. The details of these algorithms are
available in Horton et al. (2013). In the second sub-column of the second main column,
there are two options for initial algorithms: weights and direction memory. Direction mem-
ory does not show actual debris flow spreading but any of the default (proportional), Cosi-
nus, and Gamma (2000) algorithms provide appropriate runout results. For the friction loss
function and energy loss function, algorithms available are two parameters friction model
Perla et al. (1980) and the simplified friction-limited model (SFLM) (Corominas 1996).
However, a lower travel angle and lower velocity are sufficient to model debris flow runout.

The algorithm suggested by Holmgren (1994) is given in Eq. (23):

p/lfd _ (tan B;) v{ tanB > 0 } 03

2;3:1 (tanBj)X xe[l; + o0]

where i and j are the flow directions,p’;d is the susceptibility proportion for i direction, B,
and B, are the slope angle from the central cell in i and j directions. Exponent x varies from
one to infinity. When the value of x is equal to one, it represents the multiple flow and
decreases the direction with the increase in its value. In modified Holmgren (Horton et al.
2013), the central cell is raised with some height (d%) at a central location, which can be
defined by the user in the Flow-R model.

In a natural terrain, slope direction frequently changes with downslope distance, and
a function should be capable of capturing the new direction at a new location. This func-
tional process is defined as the persistence function by Horton et al. (2013). Gamma (2000)
and Horton et al. (2013) used the persistence function given in Eq. (24) for change in direc-
tion with respect to the previous or initial direction:

Pl = Wag) (24)

where pf’ is the flow proportion in direction i, according to the weight and inertia of the
flow,w,;, a(i) is the angle from the previous flow direction. The direction algorithms and
persistence algorithms can be written as shown in Eq. (25) (Horton et al. 2013). The com-
bined susceptibility of both functions will be at a maximum value in the original cell with
D, and it will be distributed in the flow directions i and j.
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il
S

where i and j are the flow directions, p; is the susceptibility value in direction i, p’;d the flow
proportion according to the flow direction algorithm, plp the flow proportion according to
the persistence, and P, the previously determined susceptibility, which is the total initial
value or value of the central cell.

In the Flow-R model, the flow mass is considered to be a unit value, and energy loss
results entirely from friction. The energy required to travel to another cell must be sufficient
for flow to take place from one cell to another. Energy is the controlling factor for runout
and spreading to adjacent cells based on the available energy, and the required energy is
different between two cells or adjacent cells. The energy required value between cells can
be defined by the user. Equation (26) shows this relation (Horton et al. 2013).

(25)

E, =E) +AE —E. (26)

kin — Tkin pot
where E]’;in is the kinetic energy of the cell in direction i, EY, is the kinetic energy of the
central cell, AE;)Ot is the change in potential energy to the cell in direction i, and Ej is the
energy lost in friction to the cell in direction i.

The simplified friction-limited model (SFLM) suggested by Corominas (1996), and
known as Default in the software, is given in Eq. (27):

E = gAxtan¢ 27

where E{ is the energy lost function from the central cell to the cell in i direction, Ax, the
horizontal displacement increments in direction i, tan@, the energy gradient in the direc-
tion of 7, and g, the acceleration due to gravity.

Horton et al. (2013) developed Eq. (28) for a limiting velocity from a given value. The
maximum velocity can be introduced to cap the velocity on the steep slopes and limit the
propagation:

v, = min{ V/ (V2 +2g0h — 2gAxtan ). Vima } 28)

where Ah is the difference in elevation between the central cell and the cell in direction i,
and V. is the given velocity limit. This limit can be defined based on region by the user.
The general value of V; is always limited to V,,,,, and the intermediate value from the first

part of Eq. (28).

ax?

3.5 Debris flow hazard assessment

The final stage of this study is the debris flow hazard area mapping for the study watershed.
When all information is derived and analyzed using the above-mentioned methodology and
work steps, these results are applied in the final model as shown in Fig. 2 to create debris
flow hazard maps. In this model, landslide-susceptible maps developed using the method-
ology mentioned in the previous section and a given probability are categorized in three
areas. These are: FoS less than one, one to two and more than two in the stability analysis.
The watershed areas associated with FoS of less than one in the slope stability analysis
are considered to be landslide-susceptible regions. These unstable areas are considered
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for debris flow runout analysis and developed debris flow inundation maps. Debris flow
inundation areas in the study watershed maps are converted into polygons and included in
landslide-susceptible regions, called a debris flow zone, for a given probability. An FoS of
one to two is defined as a medium landslide susceptibility zone. The area which has an FoS
of more than two is considered a low landslide susceptibility zone for a given probability.
Finally, the debris flow zone includes debris flow initiation, inundation, and a buffer of
10 m outlines of these areas.

These debris flow areas are associated directly with the probability of rainfall (annual
frequency of return rainfall) in the watershed. The debris flow area, medium-susceptibility,
and low-susceptibility zones are analyzed for different return periods. The rainfall return
periods used in this study are 25, 50, 100, and 200 years, and rainfall durations cover
one-day to seven-day periods. The duration selected is based on conversations with the
local elderly people who have extensive experience with rainfall-induced landslide events.
Seven-day rainfall has a mythical status in Nepal in relation to landslides. People become
scared if rainfall continues up to seven days with considerable intensity, because they
believe that a landslide in their area is imminent if such rainfall occurs at any time of the
year. However, such events occur mostly between late April and late November. In another
study, continuous and longer rainfall caused more landslides in these mountains (Dahal and
Hasegawa 2008). The annual probability of the hazard area is analyzed, and the trend of
highly hazardous areas and their probability or return period are derived.

4 Debris flow hazard in the study watershed
4.1 Landslide susceptibility maps

The data for landslide-triggering factors in the watershed are applied in Eq. (14) to identify
landslide-susceptible areas, as discussed in Sect. 3. Rainfall probability is derived for the
probability of landslide-susceptible locations. The rainfall data of the study area are avail-
able from 1980 to 2013 and are recorded once every day. The maximum one-day to seven-
day rainfall in every year from 1980 to 2013 period is identified and shown in Fig. 4. From
Fig. 4, the cumulative rainfall data for one-day maximum, two-day maximum and so on up
to seven days may not concede each other. However, most of these maximum rainfall event
days are on similar dates (Fig. 4). Figure 4 also shows the cumulative one-day rainfall of
443 mm, and seven-day rainfall of 1033 mm. The rainfall amount of 1033 mm is almost
half of the average annual rainfall in the watershed. Within the study period 1980 to 2013,
up to half of the annual precipitation can occur in one seven-day event.

These maximum cumulative rainfall amounts are used for annual probability and
recurrence period analysis. The return periods chosen for analysis are from 1.01 year to
200 years. Figure 5 shows the probability and return period of rainfall for events of one- to
seven-day duration.

From Fig. 5 a higher return period or lower annual probability is linked to more cumu-
lative rainfall. The probability of one-day and seven-day events remains the same, as it is
a cumulative maximum taken from each year from 1980 to 2013. The rainfall for a return
period of 200 years and an annual probability of 0.005 for one-day duration is 458.39 mm,
while for seven days it is 1,051 mm. Similarly, for a return period of 500 years and a proba-
bility 0.002, one-day rainfall is 519 mm, and seven-day rainfall 1185 mm. Higher-intensity
and longer-duration rainfall are triggering factors for landslide initiation. The duration of
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Fig.5 One-day to seven-day annual maximum rainfall probability and return period

one to seven days and expected rainfall from probability analyses are applied for hazard
assessment of the area.

The annual probability of rainfall is computed for up to a 200-year return period. The
further analysis of landslide susceptibility is carried out for selected rainfall return peri-
ods—once in 25, 50, 100, and 200 years—to obtain a trend of hazard in the watershed
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Table 2 Annual rainfall probability and return period for one- to four-day rainfall

Annual Return period One-day rainfall Two-day rainfall Three-day Four-day rainfall
rainfall prob- rainfall

ability

P Year mm In(cm/sec) mm In(cm/sec) mm In(cm/sec) mm In (cm/sec)
0.04 25 320 0.00037 460 0.00027 565 0.00022 614 0.00018
0.02 50 367 0.00042 526 0.00030 647 0.00025 702 0.00020
0.01 100 413 0.00048 591 0.00034 729 0.00028 789 0.00023
0.005 200 458 0.00053 657 0.00038 811 0.00031 875 0.00025

P probability, In infiltration

Table 3 Continued annual rainfall probability and return period for five-, six-, and seven-day rainfall

Annual rainfall ~ Return period Five-day rainfall Six-day rainfall Seven-day rainfall
probability

P Year mm In (cm/sec) mm In (cm/sec) mm In (cm/sec)
0.04 25 651 0.00015 689 0.00027 744 0.00015
0.02 50 741 0.00017 783 0.00030 847 0.00017
0.01 100 830 0.00019 877 0.00034 949 0.00019
0.005 200 919 0.00021 970 0.00038 1051 0.00021

P probability, In infiltration

rather than all analyses. The expected rainfall for these probabilities and return periods is
given in Tables 2 and 3. Also given in these tables is infiltration rate, which is equivalent to
rainfall intensity over the period of one to seven days. These infiltration rates and durations
of expected rainfall (such as one-day to seven-day) are used for infiltration computations.
Landslide susceptibility is computed as in Eq. (14). The location and areas identified as
unstable for different rainfall return periods are shown in Figs. 6 and 7. Figure 6a—c shows
an annual probability of 0.04 for landslide susceptibility for continuous rainfall over one-,
four-, and seven-day periods, while Fig. 6d—f shows a probability of 0.02 for the same dura-
tion one-, two-, and seven-day rainfall. Similarly, Fig. 7a—c shows an annual landslide sus-
ceptibility probability of 0.01 for one-, four-, and seven-day rainfall period, and Fig. 7d—f
shows a probability of 0.005 for one-, two-, four-, and seven-day rainfall periods. The area
of landslide susceptibility increases with the higher return period rainfall and number of
days’ duration.

The summary of the analysis above is shown in Fig. 8. The landslide-susceptible area
does not change much for up to a two-day period of rain, but it increases with duration rap-
idly after that. The rainfall events with low annual probability are linked to a higher land-
slide-susceptible area. The watershed is 124 km? and unstable areas are up to 400 hectares
for seven-day rainfall, with a probability of 0.005. The recurrence period of this event is
200 years, and the landslide-susceptible area is 3.25%. The lower the annual probability of
rainfall or extreme event, the higher the rainfall intensity and the unstable areas (Table 4).
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Fig.6 Landslide susceptibility area for 25-year return period, a one-day rainfall, b four-day rainfall, and ¢
seven-day rainfall; and landslide susceptibility area for 50-year return period, d one-day rainfall, e four-day
rainfall, f seven-day rainfall

4.2 Debris flow inundation with susceptibility maps

The landslide susceptibility maps discussed in the previous section are considered to be
debris source maps for runout distance analysis. The total landslide initiation areas and
debris flow runout areas are merged. These areas are converted into polygons. The total
identified unstable and runout debris flow area must have some setback distance. The set-
back distance depends on the location of the area, physical features, type of development,
existing terrain slope, type of slope, and length of slope. Obtaining these features is beyond
the scope of this research. Therefore, a constant value of 10 m outer setback distance is
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Fig. 7 Landslide susceptibility area for 100-year return period, a one-day rainfall, b four-day rainfall, and ¢
seven-day rainfall; and landslide susceptibility area for 200-year return period, d one-day rainfall, e four-day
rainfall, and f seven-day rainfall

used. These polygons are enclosed with a 10-m buffer around the outer area as a setback
distance. The final results of this analysis are shown in Fig. 9. Figure 9a—d shows the land-
slide and debris flow susceptibility area, with a buffer of 10 m, for continuous rainfall over
one day with annual probabilities of 0.04, 0.02, 0.01, and 0.005, respectively. Figure 9e-h
shows a similar susceptibility area, buffer, and annual probability, but for seven-day con-
tinuous rainfall.
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Fig.8 Landslide-susceptible area of the watershed for different return periods and rainfall durations: a in
hectares; b in percent

4.3 Debris flow hazard maps

Debris flow hazard maps are developed by combining landslide initiation and debris flow
runout areas. The (probable) debris flow area has an FoS of less than one in the initial
slope, debris flow susceptible area, and their buffer of 10 m outlines. The watershed area
beyond the debris flow area is also categorized as medium and low landslide susceptibility
areas based on the FoS of the stability of the initial slope. The watershed area which has
an FoS of one to two is considered to be a medium-(landslide) susceptibility area, and that
with more than two as low-susceptibility. The medium-susceptibility area is the map area
for FoS of less than two, minus debris flow areas. The low-susceptibility zone has an FoS
of more than two, minus the debris flow area and the medium-susceptibility areas. This
analysis is carried out for seven-day rainfall and one-day rainfall only and is summarized
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Table 4 Hazard area with probability and return period

Return Annual Days of  Total water- Hazard Medium-suscepti- Low-suscepti-
period probability  rainfall shed area (Ha) area (Ha)  bility area (Ha) bility area (Ha)
(years)

25 0.04 1 12,400 13 1387 11,001

50 0.02 1 12,400 18 2624 9740

100 0.01 1 12,400 24 4998 7802

200 0.005 1 12,400 36 5009 7355

25 0.04 7 12,400 77 3960 8364

50 0.02 7 12,400 154 4365 8035

100 0.01 7 12,400 284 4706 7409

200 0.005 7 12,400 418 8403 7384

in Table 4. The hazard area in the watershed for one-day and 25-, 50-, 100-, and 200-year
return rainfall is shown in Fig. 10. Figure 11 shows seven-day rainfall and return periods of
25, 50, 100, and 200 years.

5 Results and discussions

The relation of hazard and susceptibility area to its annual probability for one-day rainfall
is shown in Fig. 12. The large high-hazard area is associated with low-probability events,
and the low-hazard area with high-probability events, which means that short rainfall
return periods are associated with small hazard areas. For seven-day rainfall duration, this
relation is shown in Fig. 13. The relation of high hazard areas to their annual probability of
occurrence is given in Egs. (28) and (29). The regression coefficients (R) for Egs. (29) and
(30) are 1.00 and 0.99, respectively.

H, =2.7185P;%4% (29)

H, = 5.8841P;%% (30)

where H, and H, are hazard areas and P, and P are the annual probability of occurrence in
one-day and seven-day rainfall.

The relation between high hazard area and rainfall return period is derived for a rainfall
duration of one day and shown in Fig. 13. A high hazard area as small as 13 ha is observed
for 25-year return period rainfall for one-day duration, and up to 77 hectares for seven days.
Equations (31) and (32) are the relationships of high hazard with return period for this
watershed. The R values for these equations are 1 and 0.997 for one-day and seven-day
rainfall periods, respectively.

H,j, = —0.0081(RP?) + 3.771(RP) + 13 (31

Hy, = =0.0002(RP?) + 0.1675(RP) + 9.33 (32)
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Debris Flow and Susceptibility Zone
I ebris Flow Zone

0o 1 2 4 J 8 Medium Susceptibility Zone
- Low Susceptibility Zone

Fig. 10 Debris flow hazard map with 10-m buffer for one-day rainfall with return periods of a 25 years
(P=0.04), b 50 years (P=0.02), ¢ 100 years (P=0.01), d 200 years (P =0.005). P: annual probability

where H,;, and H;, are high hazards for one- and seven-day periods and RP is the return
period.

6 Summary and conclusions

Recorded rainfall and physical changes are modeled to predict instability in mountain
slopes in the study watershed. Annual rainfall probability or respective return periods are
applied for rainfall-induced landslide probability assessment. Rainfall records for 34 years
(from 1980 to 2013) are available to identify annual one-day to seven-day maximum
rainfall. Information regarding the maximum annual cumulative rainfall of the 34-year
period is used to calculate annual rainfall probability and return periods. One-day and
seven-day maximum cumulative rainfall from the analysis is 443 and 1033 mm, respec-
tively. The annual probability of rainfall computed for 1.01 to 200-year return periods has
annual probabilities of 0.990,099 to 0.005. The rainfall for a return period of 200 years
and an annual probability of 0.005 for one-day duration is 458 mm, while for seven days
it is 1051 mm. The infiltration rate is identified from the rainfall intensity duration of the
selected annual probability. For the landslide susceptibility analysis, only four return peri-
ods 25, 50, 100, and 200 years (annual probability 0.04 to 0.005) are selected to find a
trend of landslide susceptibility with annual probability or return period in the watershed.
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Fig. 11 Landslide hazard map with a 10-m buffer for seven-day rainfall with return periods of a 25 years
(P=0.04), b 50 years (P=0.02), ¢ 100 years (P=0.01), d 200 years (P=0.005). P: annual probability
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@ Springer



168 Natural Hazards (2020) 101:143-172

450
400 ®— 1-day rainfall
350 7-day rainfall
300
250

200

150

Hazard Area (ha)

100

50
L 4

0 25 50 75 100 125 150 175 200
Return Period Year

Fig. 13 Landslide hazard area and return period with 10-m buffer for one-day and seven-day rainfall

Data from a geotechnical investigation conducted in one recent landslide location within
the study area are considered for stability analysis. SWCC is developed using a grain size
distribution model from soil samples received from 73 locations (Lamichhanne 2000) in
the watershed. The grain size distribution model is used for matric suction with respect to
the in situ moisture content of these locations. The landslide-susceptible locations and area
of the watershed with a given probability is identified. The landside susceptibility is ana-
lyzed for one-, four-, and seven-day periods and the return periods mentioned above. The
area of landslide susceptibility increases with the higher return period rainfall and number
of days.

Susceptibility areas are categorized as high, medium, or low-susceptibility based on an
FoS of less than one, one to two, and more than two, respectively. The watershed area
is 124 km?, and the unstable portion is up to 400 hectares for seven-day rainfall with an
annual probability of 0.005. The recurrence period of this event is 200 years. The land-
slide-susceptible area is 3.25% of the total watershed area. The longer-duration and higher-
intensity rainfall are trigger factors for rainfall-induced landslides.

The hazard zone (FoS less than one) of the watershed is considered as a source of land-
slides for debris flow analysis. The Flow-R model is applied for debris flow runout and
inundation area computation. In the Flow-R model, susceptible areas developed from slope
stability analysis are considered as a user-defined debris flow source. The Holmgren (1994)
modified algorithm is used for debris flow spreading. For the initial algorithm, Weights
was chosen. The Weights algorithms have three sub-algorithms: the default algorithm,
Gamma (2000), and Cosinus. Any of these algorithms provides appropriate debris flow
spreading in this region; however, the default is chosen for the analysis, which is a propor-
tional method of spreading to adjacent cells. Friction loss function and energy limitation
algorithms are available and used in the energy calculation. The low travel angle and low
velocity were appropriate for debris flow runout analysis for this watershed, and these are
chosen for friction loss function and energy limitation.
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The debris flow area and landslide initiation area from the susceptibility analysis are
combined in a single map to develop hazard maps. These combined total areas are trans-
formed into polygons. The landslide hazard area required a setback distance which depends
on various factors, including type of soil, proximity of river or water body, and topogra-
phy. Individual polygon setback distance analysis is beyond the scope of this research, and
therefore, a 10-m setback distance is chosen for all polygons and buffers them from the
outer side. The final area within the buffered mark is termed the hazard area. For return
periods of 25, 50, 100, and 200 years, one-day and seven-day duration rainfall intensity
are used for these analyses. For the 25-year return period and one-day duration rainfall, the
computed hazard area is 13 hectares (ha), while for the 200-year return period it is 36 ha.
This area drastically changed for seven-day rainfall as it is 77 ha for a 25-year return period
and 418 ha for a 200-year return period. Large return periods with high duration rainfall
are hazardous in the study watershed.

The landslide hazard areas for different return periods are developed for the study water-
shed. The annual rainfall probability (recurrence period) and hazard location in any water-
shed is important for policy makers. For instance, if an area is hazardous for a 1 in 25 year
event, it should be avoided for hospitals, school buildings, or any such community facility
services. It may or may not be suitable for residential development depending on other fac-
tors and the decision of the local authority.

This study is a part of landslide risk assessment modeling for the watershed scale. The
hazard is assessed using unsaturated soil technology and rainfall effects on sloping ground.
Methods used for analysis are open-source computing tools for hazard assessment. The
method can be used for developing landslide hazard risk and as support for making land
use plans in similar hazardous areas. This study provides an indirect probability assess-
ment for potential rainfall-induced landslide locations within the watershed. The areas of
landslide susceptibility, debris flow inundation, and setback distance are considered as a
landslide hazard area within the study area for a given time and location. Based on gov-
ernment policies for any watershed or location, these methods can be applied to estimate
the risk of any development in any proposed area before planning these activities. This
will reduce physical, societal, environmental, and economic hazard in the study watershed.
Hazard return periods and the design life of a proposed development plan or structure can
be compared before implementing their construction in the area.
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