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Abstract: The occurrences of landslide hazards risking the built environment were often neglected in the
planning and design process. Eventually, failure to mitigate with proper interventions leads to
unsuitable spatial qualities with inevitable high risk of natural and man-made landslide risks. This is
evident in the case of Matina River Watershed in Davao City, Philippines, where urban developments
within the watershed area are observed at risk of landslides. To enhance the quality of life, this paper
aims to synthesize natural hazard maps by applying multiple criteria and analyzing data maps to produce
a single landslide susceptibility map using the Analytical Hierarchy Process (AHP) and QGIS.
Susceptibilities to landslides were modeled, and results present varying landslide susceptibilities that are
mitigable within the watershed study area. The model showed that hazards are prevalent on the eastern
border of the watershed traversed by a fault system with weak lithological units. Consequently, the
western flanks of the watershed are the least susceptible to landslides, which are suitable for urban
development. While vulnerabilities to landslide risks and disasters cannot easily be quantified, this
paper concludes with a call for multicriteria analysis towards enhanced quality of life by the resilient
built environment.
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1. Introduction

Natural disaster-related events pose significant threats to people’s health and safety. In fact, in the last
two decades, 7,348 events were recorded that claimed 1.23 million lives, affected 4.03 million people,
and caused economic losses of about 2.97 trillion US dollars (UNDRR, 2020). Natural hazards such as
landslides and slope failure transform its surrounding landforms in a way that human interventions find
it challenging to mitigate its adverse impacts (Skilodimou et al., 2019). Landslides are activated due to
their inherent geomorphological features and compounded by other contributing factors.
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In 2018, around 165,000 individuals were displaced (GRID, 2019) due to landslides and slope failures
worldwide. With the advent of technology in managing the effects and risks of these landslides,
susceptibility mapping through qualitative and quantitative approaches is used to spatially understand
the distribution of landslides (Panchal & Shrivastava, 2022). Although these approaches provide critical
data for establishing landslide’s mitigation plan the occurrences of landslide hazards risking the built
environment were often neglected in the planning and design process. Eventually, missing to mitigate
such hazards have led to unsuitable spatial qualities with inevitable high risk from landslide activities .
This is evident in the case of Matina River Watershed in Davao City, Philippines, where urban
developments within the watershed area are observed at risk of landslides. Towards enhanced quality of
life, this paper aims to synthesize natural hazard maps applying multiple criteria decision analysis;
analyze data maps to produce a single landslide hazard map; and, identify suitable areas for urban
development, open space, mitigation, and no-build zone using Analytical Hierarchy Process (AHP) and
aided by Geographic Information System (GIS), susceptibilities to landslide, are modeled.
Land developments without considering occurrences of landslide hazards, using them as multiple
criteria for decision-making, could lead to problematic development and implementation of programs.
Consequently, it poses higher risks to inhabitants, infrastructures, and overall urban development.
Implementation of mitigating measures, projects, and programs informed by incomplete data might
result in erroneous landslide analysis. To date, there is no existing policy framework available in the
Philippines that shows the use of multiple criteria analysis using Analytical Hierarchy Process (AHP) to
quantify the influence of specific indicators, including lithology, slope angle, elevation, distance from
fault, landcover, rainfall, and distance from the road. This study will quantify the individual influence of
landslide indicators and create landslide hazard models as basis for land development and policy
interventions. To achieve this aim, we answered following research questions:

1. What are the relative weights of influence for every landslide indicator?

2. What framework can be developed for watershed-based landslide susceptibility maps using

geospatial analysis?
3. Where are the areas for development based on the landslide susceptibility levels?

2. Multicriteria analysis of landslides in a watershed landscape

For landslide susceptibility mapping, it must be done in manageable landscape units (Montgomery et al.,
1995), which, in this case, is at the watershed level since a watershed is a basic landscape unit that is
geomorphologically important, both natural and biophysical (Lotspeich, 1980). This landscape-scale
context in the form of watersheds is significant in understanding the linkages between environmental
and ecological processes because similar actions done in different areas of a watershed basin can cause
drastic effects (Montgomery et al., 1995). Furthermore, there has been a significant push by academics
that spatial planning must be integrated into disaster risk management, like the integration of landslide
susceptible areas into plans and development (Schmidt-Thome, 2007). One of the ways spatial planning
is applied in disaster risk management strategies is by using landslide zoning within a watershed which
gives an overview of the spatiotemporal distribution of the specified hazard (Ogato et al.,, 2020).
Additionally, many studies suggest the use of soil qualities (Sarkar & Kanungo 2004), slope aspect (Wang
et al., 2010), and elevation (Pourghasemi et al., 2012), as indicators of landslide hazards. However,
referring to the literature, seven critically important indicators for landslide susceptibility mapping in a
watershed setup were identified like: lithology (Psomiadis et al., 2020), slope angle (Padrones et al.,
2017), distance from the stream (Shirzadi, 2018), distance from the nearest active fault (Beroya-Eitner,
2016), distance from the road (Yalcin et al., 2011), rainfall (Lo, 2016) and land cover (NOAA, 2021 ).
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3. Study area and methodology

This study site is located within the City Government of Davao, Philippines. The study area focused on
one watershed, Matina River Basin. Multiple landslide indicators present a suitable case for the
Analytical Hierarchy Process (AHP). Apart from the site's spatial attribution, notable events of landslide
activities are evident in the location, and local government units see landslides as a factor in hampering
the development of the city and communities within the watershed. Moreover, the qualities of
differentiating lithological units, flat to steep terrains, and the presence of communities exposed to
potential hazards qualify the watershed as the ideal subject of the study application.
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Figure 1: Matina river watershed in Davao City, Philippines

3.1. Susceptibility mapping and analysis

The use of a Geographic Information System (GIS) program, specifically open access QGIS and licensed
ArcGlIS, operated the delineation of the features of the Matina River Watershed through the Digital
Elevation Model (DEM) extracted from the Interferometric Synthetic Aperture Radar (IFSAR) data. For
accuracy and positioning, the geographic coordinate system used in the conduct of the spatial analysis is
the World Geodetic System (WGS84) — Universal Transverse Mercator (UTM) Zone 51N. Furthermore,
experts who participated in the AHP were chosen using criteria set by the researcher that prioritize
educational attainment, job experience, knowledge, competence in the field, and professional
organization participation. Moreover, the study used the analytical hierarchy process (AHP) developed
by Saaty in the 1970s following the preferences in Table 1.
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Table 1: AHP nine-point of preference from Yazdadi et al. (2016) after Saaty (1980).

Scales Degree of Preferences Explanation
1 Equal Importance The two criteria have the
same importance in
attaining the goal

3 Moderately More Based on Experience, | is
Important more important than J in
attaining the goal
5 Strongly More Based on Experience, | is
Important strongly more important
than J in attaining the goal
7 Very Strongly More Based on Experience, | is
Important very strongly more

important than J in
attaining the goal
9 Extremely Important The absolute importance
of | over J has been
proved
2,4,6,8 Intermediate Values When intermediate
intervals exist
Reciprocals Opposites Used for Inverse
Comparison

The hierarchical approach was checked based on its coherence by calculating the consistency ratio (CR)
expressed by the equation (1).

CR=CI/RI (1)

Where Rl is the random consistency index, and Cl is the consistency index that is expressed as
Cl=Amax-1/ n-1 (2)

The consistency ratio must be <10%, and the weights were integrated the various classes in a single
landslide susceptibility index (LSI).

LSl = ¥, (Ri * Wi) (3)

In the use of AHP, a pairwise comparison was established, showing each parameter’s weighted
importance. The method was implemented in sequential manner, starting with the development of the
hierarchical structure of the landslide mapping, the conduct of binary comparisons with all the
indicators about the objectives, comparative analysis of the criteria, establishing a table of complete
comparisons of criteria, establish a sub-criteria about the number of criteria studied, establish the
comparison table sub-criteria, normalization of data, calculation of the weights, calculation of
consistency index, calculation of consistency ratio, and calculation of random index, aggregated the
influence of indicators, and express final visualization through QGIS.
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4. Result and analysis

4.1. Parameter mapping and weight calculation

A pairwise comparison table was created to see the decision made through the rating scale of AHP nine-
point of preference from Yazdadi et al. (2016) after Saaty (1980). Influence was based on comparing
parameters on the first columns versus the parameters vertically aligned. Pairwise comparison was then
standardized and were normalized, and the consistency ratio (CR) was measured less than 0.100. Hence,
the respondents' AHP conduct is consistent throughout the analysis of landslide parameters. Based on
the result of the Analytical Hierarchy Process (AHP), the highest weight among all the parameters is the
slope angle. Slope angle garnered around 37.54 % of the natural consequences concerning its effective
mechanism in landslide activity. Followed by lithology garnered 22.23%, and distance from an active
fault around 14.43%. Relatively, lower weights were calculated for any areas proximal to the stream,
landcover, rainfall, and regions proximal to the road as shown in Figure 2 with some parameters
annotated in this format, DFS = distance from the stream, DFF = distance from the fault, DFR = distance
from the river.

Slope Angle 37.54%
Landecover 11.22%
Rainfall 14.43%
DFS 7.05%
DFF 2.83%
DFR 4.68%
0.00% 5.00% 10.00% 15.00% 20.00% 2500% 30.00% 35.00% 40.00%

Figure 2: Result of the AHP and influence of parameters on landslide hazards in percentile.

4.2. Creating a Watershed-based Landslide Susceptibility Map Using Geospatial Analysis

As shown in Figure 3, the highly susceptible areas in landslides are located on steep slopes of the
easternmost part of the watershed. Areas with very high and high susceptibility to landslide are
primarily associated with the slope angle, the lithological units present in the watershed, and the
regions proximal to the faults in the area. Additionally, most of the western part of the Matina River
Watershed area is likely low to very low landslide susceptible. The characteristics of the part of the west
of the watershed area are that it is generally plain with the minor undulation of terrain. The site is distal
to the location or delineation of the fault and the western area of the watershed is considered solid rock
compared to the sites on the eastern part of the watershed. While the eastern border of the watershed
from Barangay New Valencia down to Barangay Ma-a shows a significant delineation of very high
susceptibility to landslide hazards. The presence of steep slopes and unconsolidated lithological units
gives susceptibility increases the susceptibility of the area to landslides. Areas located near the
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riverbanks with notable vertical slopes due to human intervention and erosion posed additional
landslide hazards. However, there are areas well mitigated by the government agencies, but most of the
cases along the river stretch are unmitigated, and the worst, settlements.
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Figure 3: Landslide susceptibility model-based result of the AHP using QGIS.

4.3. Discussion

Our study aims to quantify the influence of the landslide indicators regarding susceptibility to potential
landslide hazards posing risks to human settlements and urban development. On the other hand, the
study aims to develop a watershed-based landslide mapping framework that will serve as a guiding
technique for watershed studies for urban development. Furthermore, the study aims to locate areas
for urban development within the subjected watershed at different levels of landslide susceptibility.
There are four major contributions of our study. First, we have developed a coherent list of landslide
indicators that can be used to inform susceptibility maps. Previous studies used fragmented indicators
(e.g., Neaupane & Piantanakulchai, 2006; Caniani et al., 2007; Padrones et al., 2017; Psomiadis et al.,
2020), but our study brings all these indicators to provide a better understanding of these parameters.
Second, we have established the relative weights of landslide indicators based on experts’ assessment.
The use of the Analytical Hierarchy Process and the calculation of the weights is crucial in undertaking
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the appropriate measures based on the parameters used and by the landslide susceptibility level
(Myronidis, 2016). Moreover, the use of AHP in the analysis of landslide hazards provided
comprehensive understanding the possible causes of landslide within a local setting (Abay, 2019). Third,
we have demonstrated that the indicators and their relative weights can be used to create a
susceptibility maps. Multiple parameters were considered in the study in which it is situated within a
local watershed, that makes the study new and unique. The generated landslide susceptibility map from
the weights calculated through AHP are said to be efficient tool in urban planning and development, as
well as effective reference for landslide hazard mitigation (Panchal, et al.,, 2022). Additionally, the
landslide susceptibility map produced can be used as reference for land use planning (Pourghasemi,
2012). Finallly, areas situated on different levels of landslide hazards have implications on the current
and future land use of the area. Areas situated on the very low to low landslide susceptibility rating
areas are viable for development sensitive to landslide hazards, such as settlements and production
areas. Whereas areas situated in moderate landslide susceptible areas are ideal for development with
minimal action of mitigation measures due to slope and potential failure due to the lithologic type.
Areas located in high landslide susceptibility areas require detailed engineering intervention for
utilization, especially, if the area will be utilized for settlements and production area. Finally, the areas
situated in very high susceptible should be accounted for forestland and protected area due to the
inherent landslide parameters that are mostly at critical value and level. Hence, the areas that said to be
very high in susceptibility level should not be subjected for development but rather for protection and
easement.

5. Conclusion

Using multiple criteria to analyze landslide hazards has played a significant role in comprehensively
understanding the reasons behind the factors controlling landslide activity, which urban development
has struggled with for years. The landslide indicators can be used to assess the potential occurrence of
the landslide based on its relative weight calculated from the AHP analysis. Furthermore, the creation of
individual indicator maps can be used as a useful tool for urban and regional planning and as a reference
for visualizing the distribution of indicators of the damages that landslides may cause. Additionally, with
the current requirements needed for development plans and local infrastructure plans, preparing such a
vulnerability map will help identify the risk that a certain area may pose, and with this, proper mitigation
measures will be established.
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