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Abstract—Rainfall-induced landslides pose a significant
threat to tropical mountain roads, where the interaction of
hydrological loading, geomorphic development, and soil
weakening drives failure. This study presents an integrated
hydro-geomorphic diagnosis of the July 2022 Callawa—Fatima
landslide in Davao City, Philippines, by combining field surveys,
drone photogrammetry, historical satellite imagery, Digital
Elevation Models (DEMs), rainfall records, and numerical slope
stability modeling. Multi-temporal analysis revealed a tensile
crack along the ridge crest as early as 2015, while 5-m contour
interpretation highlighted topographic irregularities that
signaled long-term geomorphic preconditioning. Hydrological
assessment based on rainfall data revealed that several days of
antecedent wetting, from July 8 to 12, 2022, saturated the slope
before the short-duration, high-intensity rainfall on July 13-14,
2022, triggered the failure. Catchment modeling in Quantum
Geographic Information System (QGIS): Geographic
Resources Analysis Support System (GRASS) module
confirmed concentrated flow paths converging toward the
failure zone. Limit-equilibrium simulations conducted in GEOS
demonstrated that the slope was already marginally unstable
under dry-season conditions with Factor of Safety,
Fo0S~0.87-1.35, and transitioned to global instability under
rainfall-induced pore-pressure loading with FoS = 0.58-0.76.
During the spatial exposure, QGIS deep-learning mapping,
identified house location along the active scarps as directly
exposed and downstream community as indirectly at risk. The
integrated framework offers a cost-effective and transferable
approach for diagnosing rainfall-induced slope failures and
enhancing community resilience in tropical mountain regions.

Keywords—hydro-geomorphic diagnosis, catchment
hydrology, slope stability, tropical mountain roads, community
resilience

[. INTRODUCTION

Mountain road networks in tropical regions are highly
vulnerable to rainfall-induced slope failures, which
frequently disrupt transportation, damage infrastructure, and
endanger nearby communities [1, 2]. These hazards are not
isolated events but the cumulative result of interacting
hydrological, geomorphic, and geotechnical processes [3]. In
clay-rich terrains, particularly those shaped by steep volcanic
and sedimentary deposits, even moderate rainfall can trigger
instability once soils have become saturated [4]. Such events
underscore the need for integrated assessments that transcend
single-discipline approaches, linking rainfall dynamics,
topographic evolution, and soil strength behavior to
understand pathways from preconditioning to collapse [3, 5].

Globally, rainfall-induced landslides are projected to
intensify under a changing climate, as extreme precipitation
events become more frequent and prolonged [6, 7]. In
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Southeast Asia, and particularly in the Philippines, this
challenge is exacerbated by the vulnerability of critical
infrastructure and densely populated settlements along
mountainous corridors [8]. Despite numerous engineering
and hazard mapping efforts, gaps remain in characterizing
how short rainfall sequences, antecedent wetness, and
drainage convergence combine with dormant geomorphic
features to produce slope failures [9]. In the absence of an
integrated understanding, risk reduction efforts tend to
remain reactive rather than preventive, leaving communities
vulnerable to repeated disasters [10].

Equally important, the societal dimension of slope failures
has received limited attention in technical studies [10]. In
many mountain communities, households remain near active
scarps, tension cracks, and compression ridges despite
recurring signs of instability [11]. Such proximity not only
magnifies immediate risk but also complicates long-term
recovery and risk communication [12]. A comprehensive
diagnostic framework must therefore consider not only
hydro-geomorphic processes but also human—landscape
interactions to ensure relevance for disaster preparedness and
resilience strategies [13]. Comparable issues were observed
in the mountainous regions of India, where, despite extensive
scientific research and hazard mapping, the limited
dissemination of critical knowledge to local communities
continues to hinder effective preparedness [14].

While previous research has advanced the understanding
of rainfall-induced slope instability, most studies have
examined geotechnical or hydrological factors separately
[15], with limited integration of geomorphic evolution and
community exposure aspects [16]. Furthermore, regional
investigations within the Philippines remain scarce, and few
have combined field-based geomorphic  mapping,
rainfall-runoff assessment, and numerical stability modeling
into a unified diagnostic framework [8]. This gap restricts the
ability to anticipate slope behavior under varying rainfall
conditions and to translate scientific findings into actionable
resilience measures for mountain road networks.

This study, therefore, aims to establish a comprehensive
hydro-geomorphic ~ diagnostic ~ framework  for the
Callawa—Fatima landslide. Specifically, it integrates (i)
geomorphic analysis of historical imagery and topographic
data, (ii) hydrological assessment of rainfall and catchment
delineation, (iii) numerical modeling of slope stability under
both dry-season and rainfall-influenced hydrological
scenarios, and (iv) spatial household vulnerability mapping
and exposure assessment. Unlike conventional slope studies,
which treat hydrological, geomorphic, and geotechnical
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analyses separately, this research introduces an integrated
workflow that quantitatively links rainfall sequences,
catchment hydrology, and slope stability modeling using
accessible, open-source tools. Its novelty lies in combining
physical process diagnosis with community exposure
mapping, thereby translating technical slope assessments into
actionable insights for road safety and resilience planning in
tropical mountain regions. Beyond reconstructing a single
landslide event, the Callawa—Fatima case highlights the
importance of hydro-geomorphic diagnostic tools in
enhancing climate-resilient road infrastructure and mitigating
vulnerability in rainfall-sensitive mountain regions. It also
examines considerations related to the potential reactivation
of the landslide and its possible extension into adjacent
slopes.

II. MATERIALS AND METHODS

A. Study Area
The study was conducted along the Callawa—Fatima Road

section in Davao City, Mindanao, Philippines (7°16°44.02"N,

125°31°35.60"E), as illustrated in Fig. 1. The road,
constructed on steep terrain underlain by weathered volcanic
and sedimentary deposits, has remained closed to vehicular
traffic since July 2022 following a rainfall-induced landslide.
The failure zone was marked by a head scarp approximately
205m wide, tension cracks extending upslope, and disrupted
drainage pathways, with the displaced mass encroaching on
both the road embankment and the river toe. The site was
further constrained by nearby households situated upslope
and downslope of the failed section, underlining its dual
significance as an engineering challenge and a community
safety concern. These conditions make the Callawa—Fatima

landslide an appropriate case for developing a
hydro-geomorphic study that integrates geomorphic,
hydrological, and geotechnical perspectives.
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Fig. 1. The study area: Callawa-Fatima landslide section.
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B. Methodological Framework

The overall methodological framework adopted in this
study is summarized in Fig. 2. It integrates 5 primary
analytical blocks and datasets, field observations with UAV
remote sensing, rainfall and hydrological assessment,
geomorphic evolution analysis, numerical slope stability
modeling, and spatial household vulnerability and exposure
assessment [17, 18]. Field evidence, multi-temporal satellite
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imagery, Digital Elevation Models (DEMs), rainfall
hyetographs, and soil strength parameters were processed to
generate inputs for hydrological, geomorphic, and numerical
stability analyses [19, 20]. These analyses were implemented
using QGIS (for hydrological and terrain functions), GRASS
GIS (for catchment and drainage delineation), and GEOS5
Slope Stability (for Limit Equilibrium Method) [21, 22]. The
workflow linked input datasets with diagnostic outputs,
including factors of safety, hydrological response, and
modeled slope failure geometries, which were subsequently
validated against field observations. Collectively, the
framework provides an integrated hydro-geomorphic
diagnostic for interpreting rainfall-induced slope failures and
assessing their implications for community safety and
resilience.

Analytical Block Datasets Used Tools / Software Primary Outputs

Scarp geometry,

Field Observations and
UAV Remote Sensing

Microsoft Excel and QGIS i i
Rainfall & Hydrological PAGASA rainfall data, 3.40: GRASS GIS (,ﬁ.vd.,, einSll Sequeos Snalysic:
Assessment ASTER DEM r.watershed, r.water.outlet, ‘flow accumulation
and r.stream.extract)
Gcl:;gale Earglsfl'_ré)RHgé)&cal Google Earth Pro, QGIS Time-series deformation,
i gery, !
Geomorphic Evolution Landslide Susceptibility 3.40: GDAL contours, and precursor cracks, and
Analysis Map via Geoportal WMS QGIS 3.40 WMS overlay dormant instability zones
) ) Standard Highway cross-  AutoCAD, QGIS 3.40 WMS : i
Numerical Slope Stability  sections, Soil Type Map via  overlay, and GEOS Slope F°‘s (dr{f"s Wer: c;"f'm.’"sl)'
Modeling Geoportal WMS, Stability Software using slip su aces.v . y rological
ical P Price Method sensitivity

Spatial Household
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Ground photos, UAV
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Handheld camera, and
UAV photogrammetry
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building footprints, slope-
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and drainage map
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Sensing and QGIS spatial
overlay

deformation indicators,
drainage obstructions
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Fig. 2. Workflow of the hydro-geomorphic diagnostic assessment.

1) Field evidence analysis

Field evidence was obtained from reconnaissance surveys
conducted immediately after the July 2022 failure and an
Unmanned Aerial Vehicle (UAV) photogrammetric survey
with ground validation, which was revisited on August 29,
2025 [23, 24]. The surveys involved systematic
documentation of scarp geometry, road deformation,
drainage conditions, vegetation stress, and other geomorphic
indicators using georeferenced photographs and field notes
[25]. Drone imagery was processed to generate
high-resolution orthophotos and a 3D surface model of the
failure zone [25]. These datasets were compiled to
characterize slope conditions and provide inputs for
subsequent hydro-geomorphic and stability analyses.

2) Hydrological analysis

The hydrological component focused on the rainfall
sequence from July 8 to 15, 2022, which triggered the
landslide. Three-hourly and daily rainfall data were acquired
from the PAGASA Climate and Agrometeorological Data
Section (CADS). Hyetographs were generated in Microsoft
Excel to analyze rainfall intensity, and cumulative indices
were computed at 3-hour intervals over 7 days to quantify
antecedent wetness and to identify the peak rainfall event that
triggered the landslide [26].

Terrain-based hydrological modeling was also carried out
using Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) DEM data processed in
QGIS 3.40 [27]. Depressions were corrected using the
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GRASS GIS module r.fill.dir, and flow direction and
accumulation grids were generated with r.watershed [21, 28].
Catchment boundaries were delineated using r.water.outlet,
and stream networks were extracted using r.stream.extract
[21, 28]. Catchment delineation identified two contributing
sub-catchments and clarified the hydrological setting of the
slope.

However, the ASTER DEM (30 m) resolution is too coarse
for small-scale catchment modeling and microtopographic
analysis [29]. The relatively coarse grid spacing can smooth
subtle topographic variations, underestimate slope gradients,
and generalize drainage pathways, particularly in steep,
narrow terrain such as the Callawa—Fatima site [29]. Thus,
this study acknowledged these limitations and recommended
cross-checking the hydrological results with field validation
data and geomorphic analysis to ensure consistency and
reliability.

3) Geomorphic analysis

Geomorphic  changes were reconstructed using
multi-temporal satellite imagery from Google Earth Pro,
spanning the years 20122023 [30, 31]. Images representing
key stages of slope evolution (2012, 2015, 2018, 2019, 2021,
2022, and 2023) were analyzed to identify progressive
development of scarps, cracks, and slope deformations [31].

Topographic interpretation employed ASTER
DEM-derived contours at 20 m, 15 m, and 10 m and 5 m
intervals using the Contour (GDAL) tool in QGIS 3.40 [27].
Coarser intervals highlighted overall slope morphology,
while the finer 5 m contours revealed microtopographic
features such as breaks, ridges, and depressions [32].
Additionally, a landslide susceptibility map was generated

using the Philippine Geoportal platform, which integrates
Web Map Service (WMS) in QGIS 3.40 [33]. The WMS
layer was imported directly into the GIS environment to
overlay hazard zoning with the DEM-derived slope features
and field-mapped scarps [34]. This integrated approach,
combining  satellite-based  temporal analysis  with
DEM-derived topographic interpretation and ground-truthing,
provided a reconstruction of the geomorphic processes that
culminated in the slope failure.

4) Numerical modeling

A soil map was also accessed from the Philippine
Geoportal and incorporated into QGIS via WMS [34]. The
classified soil unit corresponding to the study site was used to
assign geotechnical properties, with conservative values
selected to represent the material [35]. These parameters
served as inputs for stability simulations in the GEOS Slope
Stability module. Slope stability analysis was conducted
using the GEO5 Slope Stability module, which applies the
Limit Equilibrium Method (LEM) [22, 35, 36]. A standard
Philippine roadway cross-section was prepared in AutoCAD
and exported as a .DXF file for import into GEOS.

The Morgenstern—Price method was adopted during
simulations as it satisfies both force and moment equilibrium
and allows a variable interslice force function, providing a
rigorous assessment for complex slopes [37]. Other Limit
Equilibrium formulations, such as the Bishop and Janbu
methods, impose simplifying assumptions that reduce
computational rigor [37]. Table 1 summarizes the
comparative characteristics of these methods and justifies the
selection of the Morgenstern—Price approach for this study
[37, 38].

Table 1. Comparative characteristics of LEM

Method Equilibrium Conditions Assumptions / Limitations Typical Use
Morgenstern—Price Force + Moment equilibrium Variable interslice force function Complex, heterogeneous slopes
Bishop Simplified ~ Moment equilibrium; no interslice shear Assumes circular slip; valid for uniform soils Homogeneous circular failures

Janbu Simplified Force equilibrium only Does not ensure moment equilibrium Embankments and simple slopes

The LEM was preferred over more advanced numerical
techniques, such as the Finite Element Method (FEM),
because it yields interpretable results with fewer input
parameters and is well-suited for field-based diagnostics in
data-limited contexts [38]. Although FEM offers a more
detailed simulation of coupled stress—strain and
pore-pressure behavior, its application is often constrained by
the scarcity of site-specific constitutive and hydromechanical
parameters in tropical residual soils [39]. Therefore, LEM
ensured  methodological consistency ~ with  the
hydro-geomorphic diagnostic framework while remaining
computationally efficient for slopes characterized by limited
geotechnical information.

Lastly, two hydrological scenarios were evaluated [40, 41].
The first represented dry-season baseline conditions,
characterized by a drained and unsaturated soil profile and a
groundwater table deeper than 5 m [40, 41]. The second
scenario simulated rainfall-induced infiltration by applying
the pore pressure coefficient (r,), which accounted for the
influence of transient pore-water pressures on the reduction
of shear strength [42, 43]. For both scenarios, the Factor of
Safety (FoS) was calculated using the Morgenstern—Price
method under the standard safety factor settings in GEOS [44,
45].
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1) Spatial household vulnerability mapping and exposure
assessment

A household vulnerability exposure assessment was
conducted to identify settlements that are potentially at risk
from slope instability. This procedure integrated Deep
Learning (DL) building detection [46], geomorphic mapping
[47, 48], and hydrological flow analysis [49] to delineate
households potentially affected by slope reactivation or
debris-related hazards.

High-resolution satellite imagery was processed in QGIS
3.40 using the Deepness: Deep Neural Remote Sensing
plugin to extract building footprints automatically [50]. The
plugin performed deep neural inference on orthophotos and
high-resolution imagery in ONNX format, enabling semantic
segmentation of built structures [50]. Detected footprints
were exported as vector layers.

Settlement footprints were classified as directly exposed
when their locations spatially coincided with mapped
hydro-geomorphic indicators of instability, including
proximity to tensile cracks or documented failure zones,
observable surface deformation, dense tributary convergence,
or traces of past slope movements identified in historical
imagery [51]. Indirect exposure, meanwhile, was assigned to
settlements that did not intersect the primary hazard polygons
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but were positioned along connected drainage pathways or
adjacent slopes forming the broader impact domain, where
secondary processes, such as debris runout or sediment
inundation, may propagate following a primary failure [51].

III. RESULT AND DISCUSSION

A. Field Evidence Results

Field reconnaissance in July 2022 documented a major
slope failure along the Callawa—Fatima Road, as shown in
Fig. 3 below. The event created a steep head scarp that cut
through the roadway and displaced debris downslope. Two
hazards were evident: the main slide, which disrupted road
access, and a landslide deposit that blocked the river, causing
water to accumulate upstream. The affected section spanned
roughly 205 meters, with tension cracks near the crown,
indicating ongoing instability. These features illustrated how
a single slope failure can trigger cascading impacts,
paralyzing transport while simultaneously creating

conditions for sudden debris flow that could endanger the
nearby barangay of Fatima. The observations provided a
critical baseline for subsequent stability analysis and the
design of mitigation measures.

! R
Landslide Dam
(Hazard 2)

205 meters

GB RXI

Fig. 3. Callawa-Fatima Landslide (a) Landslide head scarp and debris, (b)
Main slide and landslide dam, (c) 205-m section with crown cracks.

A site inspection on July 11,2022, as documented in Fig. 4,

(@)

revealed visible signs of collapse. The roadway showed
differential settlement (a), while tensile cracks traced the
upper slope (b), marking the early stage of the main scarp. On
the downslope side (c), a partial road slip exposed the
cross-drain, which had already been damaged by ground
movement. Vegetation stress was also evident, (d) with
several leaning trees suggesting progressive displacement.
Taken together, these observations confirmed that the slope
was in a pre-failure state, with structural and geomorphic
indicators pointing to imminent large-scale movement once
additional rainfall occurred.

| L 71643, 125°3134°F 2|
TAscowmopz [

_7mm
T 1148 AM

7/11/22
1145 AM

Fig. 4. Indicators of slope instability (a) roadway settlement & longitudinal
cracks; (b) upslope tensile cracks; (c) downslope slip exposing cross-drain;
(d) leaning trees (creep).

A drone-based photogrammetric survey was conducted on
August 29, 2025, as shown in Fig. 5, which generated both a
textured 3D model (a) and a triangular surface mesh (b) of the
Callawa—Fatima landslide [52]. The textured model clearly
illustrated the sharp head scarp, displaced debris, and partial
vegetation recovery, while also distinguishing bare surfaces
that remain unstable. In contrast, the triangular surface mesh
highlighted the geometric detail of the slope, delineating
crown cracks, downslope bulging, and irregular terrain
associated with mass displacement. Together, these outputs
confirmed that instability persists more than three years after
the failure, with adjacent steep sections showing limited
ground cover and high susceptibility to secondary movement.

Fig. 5. UAV Photogrammetry (a) Textured 3D Model; (b) Triangular Surface Mesh.

Furthermore, the ground observation on August 29, 2025,
confirmed that the landslide zone remains unstable, with the
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conditions documented in Fig. 6. The main scarp was still
prominent, with banana growth observed along the middle
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section of the collapsed section (a). Signs of continued
movement included a leaning coconut tree with exposed
roots (b) and additional bent trees downslope of the scarp (d).
At the end of the landslide road section (¢), the pavement was
displaced and partly buried by soil and dense vegetation,
marking the termination of the failed alignment.

Fig. 6. Ongoing slope movement indicators (a) main scarp with banana
regrowth, (b) leaning coconut with exposed roots, (c) displaced pavement at
one end of the collapsed road, and (d) bent trees downslope.

Fig. 7. Post-failure access and surface deformation (a) narrow improvised
bypass at the failed section; (b) motorcycle crosses toward Barangay Fatima;
(c) unpaved track with banana regrowth on the slide mass; (d) developing
tensile crack along the path.

Additional ground evidence, as shown in Fig. 7,
highlighted how the landslide site continues to impact
mobility. At the start of the failed section (a), residents
created a narrow detour that allowed only motorcycles to pass,
cutting directly across the middle of the landslide zone just
below the main scarp. A motorcycle passerby was observed
using this route to reach Barangay Fatima (b), avoiding the
longer alternate road. The detour remained unpaved, with
banana growth visible in the middle of the landslide body (c).
Lastly, a developing tensile crack was observed along this
improvised pathway (d), indicating that the ground remained
unstable even along the trail currently used by the community.
These observations demonstrated the continued exposure of
residents, who rely on this everyday passage despite the high
risk of slope movement.

A. Hydrological Results

The rainfall record between July 8-15, 2022, showed a
total accumulation of 33.04mm, with a maximum 3-hourly
intensity of 11mm as illustrated in Fig. 8. Although the total
rainfall was modest compared to extreme tropical storms, the
event sequence illustrates how even moderate precipitation
can destabilize saturated clay slopes.

On July 8-9, several millimeters of rainfall initiated slope
wetting, aggravating the tensile cracks previously noted at the
scarp. Despite no rain on July 10, residents reported early
signs of slope distress, suggesting that infiltration and
delayed pore-pressure rise had already weakened the soil
matrix.

During July 11-12, only light rain (0.1mm ~ 0.80mm per
3 h) was recorded, coinciding with a government inspection
that confirmed the presence of cracks and minor slope
movement. These observations highlighted that slope
instability can persist even under low rainfall when
antecedent wetness remains high.

The critical moment occurred on July 13-14, when
3-hourly rainfall peaked at 11 mm, following several
preceding bursts that exceeded 2.8mm ~ 5.6mm. This short
but intense input elevated pore pressures within an already
saturated slope, reducing shear strength and triggering the
landslide. By July 15, rainfall had diminished to 0.40mm, but
the slope had already failed.

This sequence highlighted a crucial hydrological
mechanism: the progressive weakening from low to moderate
antecedent rainfall, followed by collapse under a single,
short-duration, high-intensity burst. Although the cumulative
rainfall was not extreme, the timing and intensity distribution
proved sufficient to exceed slope resistance. These findings
were consistent with those from other tropical mountain
slopes, where the timing and sequence of rainfall often matter
more than total rainfall in triggering landslides.

Fig. 9 below presents the catchment delineation that
clarified the hydrological setting of the Callawa—Fatima
slope. The landslide body lay entirely within Catchment Area
1, which drained directly through the failed section, whereas
Catchment Area 2 contributed flow to the downstream
channel only indirectly. This distinction highlighted the
dominant role of Catchment Area 1 in concentrating rainfall
input toward the landslide zone.

The 3D hydrological catchment model depicted in Fig. 10
further illustrated how drainage converged in the vicinity of
the July 2022 landslide. Minor tributary streams intersected
the scarp area, providing a preferential pathway for
infiltration. At the toe, the adjacent main river channel
imposed an additional destabilizing influence by maintaining
saturation and exerting erosional pressure. The combined
effect of upslope convergence and toe loading created a
critical hydrological imbalance during the July 2022 rainfall
episode.

These findings emphasized that the landslide was not
triggered solely by rainfall, but by the interaction of rainfall,
catchment-scale flow concentration, and local drainage
geometry. The slope’s position along a watershed divide,
with the road alignment crossing between two catchments,
likely intensified the problem by altering natural runoff
distribution and channeling excess flow into already
weakened sections.
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3-Hourly Rainfall Hyetograph (PAGASA, Jul 8-15, 2022)
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Fig. 8. 3-Hourly Rainfall Hyetograph (PAGASA, Jul 8-15, 2022).
Data Source: Climate and Agrometeorological Data Section (CADS), Philippine Atmospheric, Geophysical and Astronomical Services Administration
(PAGASA)
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Fig. 10. 3D hydrological catchment model.

A. Geomorphic Results

The progressive development of the Callawa—Fatima
landslide was also interpreted through contour-based terrain
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ent Area 2 flows indirectly downstream from the opposite slope.

interpretation, portrayed in Fig. 11. The comparison of
contour intervals (20 m, 15 m, 10 m, and 5 m) demonstrated
how resolution affects the identification of slope instability
features. Coarser intervals (20—15 m) captured the general
slope geometry. Still, they obscured finer details, while the
10 m and especially the 5 m intervals revealed subtle
variations in topography that are indicative of slope failure.
At the 5 m contour interval (a) as illustrated in Fig. 12
above, the July 2022 landslide body is sharply defined, with
features such as a horseshoe-shaped scarp, crown cracks,
downslope bulging, and compression ridges that align closely
with established landslide topographic features (b). Notably,
the adjacent east slope of the 2022 main scarp also exhibited
a comparable set of topographic features of a landslide,
including irregular contour deflections, crown-parallel
tension cracks, and a concave depression zone. These
characteristics are strongly suggestive of an older, inactive,
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or dormant landslide body that has remained structurally
weakened over time. Importantly, this section is underlain by
a tributary stream upslope and bordered by the main river
channel downslope, creating a dual hydrological influence
that increases susceptibility to reactivation. The existing
deformation features and hydrological forcing suggested that
the adjacent slope may extend the 2022 landslide or form a
secondary failure zone during future extreme rainfall events.
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Fig. 12. Landslide topography (a) 5Sm Contour Interval VS (b) Topographic
Feature of a Landslide (Photo Source: JICA 2012).

Importantly, these topographic features were preceded by
clear precursors visible years earlier. Google Earth imagery
from March 2015, as shown in Fig. 13, revealed a prominent
tensile crack along the ridge crest that aligns directly with the
crown of the July 2022 landslide. This continuity
demonstrated that the 2015 crack was an incipient failure
feature, which gradually propagated and weakened the slope
until it ultimately collapsed seven years later. The imagery
provided strong evidence of a long pre-failure history,
underlining the value of historical remote sensing in
identifying early warning signs.

Furthermore, Fig. 14 presents a time series of satellite
imagery from August 2012 to May 2023, documenting the
progressive geomorphic and anthropogenic changes at the
Callawa—Fatima slope that led to the July 2022 landslide.

In 2012 (a), the slope was fully vegetated with no visible
disturbances. By March 2015 (b), a prominent tensile crack
had emerged along the ridge crest, representing the earliest
visible sign of instability. Although vegetation largely
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recovered by July 2015 (c), bare soil patches at the crown
suggested continued disturbance. The initiation of road
concreting in April 2018 (d) introduced further slope
modification. By 2019 (e) and 2021 (f), the road was fully
constructed, while the slope still appeared vegetated and
intact.

In February 2022 (g), imagery indicated subtle downslope
displacement at the upper slope, though the area remained
covered by vegetation, concealing the extent of ground
deformation. The major transformation occurred by
November 2022 (h), when the July 2022 landslide scarp was
fully exposed, stripping vegetation and revealing the
displaced mass. The imagery from May 2023 (i) showed the
persistence of the failure zone, with disturbed ground
extending downslope and limited natural recovery.

This time-lapse view made it clear that the slope did not
fail suddenly, but rather evolved through years of subtle
change. The first visible crack in 2015 was an early warning
that the hillside was already weakening, even though
vegetation later masked much of the disturbance. Road
construction added further stress, and by 2022, the slope was
primed for failure. When the heavy July rain arrived, they
acted as the final trigger, exposing a landslide that had been
silently developing for nearly a decade.

125°31'26.400"E

(Google]Earthlimagenylon|Marcht20;15}

125°31'40.800"E 125°31'55.200"E

7°172.400"N

£

7°16'48.000"N

[ Potential Landslide Reactivation Area
— Main Scarp

7°16'40.800°N

100 200 300 400 m [ — 2015 Tensile Grack

] [ July 2022 Landslide

S ——— e
125°31'26.400"E 125°31'40.800"E 125°31'55.200E

Fig. 13. Google Earth imagery from March 2015 Tensile Crack.
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Fig. 14. Time series of satellite imagery from August 2012 to May 2023.

The Landslide Susceptibility Map (LSM), developed in
QGIS through a Web Map Service (WMS) connection to the
Philippine Geoportal, provided a broader context for the
localized failures in the Callawa—Fatima area. The dataset
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used originates from the National Mapping and Resource
Information Authority (NAMRIA) and the Mines and
Geosciences Bureau (MGB), which jointly produced the
national Landslide Susceptibility Map. The LSM was
accessed as an open-source WMS layer and overlaid with the
study site’s DEM-derived catchment and geomorphic
features to assess correspondence with observed instability
zones.
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Fig. 15. Landslide susceptibility map.
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As plotted in Fig. 15, the July 2022 landslide was situated
within a zone classified as high susceptibility, consistent with
the mapped hazard level. Similarly, the March 2015 tensile
crack lay along a portion of moderate but mostly
high-susceptibility corridor, signifying that both observed
features fall within areas previously identified as prone to
failure. At the catchment scale, a clear contrast was evident.
Catchment Area 1, where the 2022 landslide occurred, was
characterized by high susceptibility zones, whereas

Catchment Area 2 was predominantly classified as having
moderate susceptibility. This contrast reflected the influence
of slope morphology and drainage concentration within the
study site.

B. Numerical Modeling Results
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Fig. 16. Soil type map.

The numerical modeling was conducted in GEOS5 to
evaluate the slope stability of the Callawa—Fatima landslide
section under varying hydrological conditions. Fig. 16
presents the soil type distribution across the study area, which
validates that the 2022 landslide site was classified as a
Matina Clay Loam, a soil unit classified under the Unified
Soil Classification System (USCS), characterized as a clay
with low to medium plasticity (CL, CI) and firm consistency.
This classification is critical because such soils, while
moderately cohesive, are prone to significant loss of strength
upon saturation.

Table 2. Geotechnical parameters

Soil Type Unit Weight, (kN/m’)

Saturated Unit Weight, (kN/m®)

Cohesion  Angle of Internal Friction

Clay with low or medium plasticity (CL,

CI), firm consistency 18.00

19.50 12 20°

The geotechnical parameters adopted for the analysis are
summarized in Table 2. The soil at the failure site was
assigned with unit weights of 18.0 kN/m? and 19.50 kN/m?,
respectively, for its dry and saturated states. A cohesion value
of 12 kPa and an internal friction angle of 20° were used to
represent its shear strength. These values are characteristic of
tropical residual clays, which possess moderate strength in
unsaturated conditions but are highly sensitive to increases in
pore water pressure. Under heavy or prolonged rainfall, the
reduction in effective stress makes such soils prone to
softening and shear failure, thereby lowering the overall
slope stability.

1) Baseline dry-season condition

The baseline analysis under drained and unsaturated
conditions provided an initial measure of slope stability prior
to rainfall infiltration. As shown in Fig. 17, the computed
Factors of Safety (FoS) vary along potential slip surfaces,
with a maximum of 2.41 at the upper slope and a minimum of
0.87 near the road cut. A localized value of 1.35 was also
observed along an intermediate slip surface.

These results highlighted the heterogeneous stability of the
slope. While the upper portion remains relatively stable under
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dry-season conditions (FoS > 1.50), the mid-slope section
near the road cut approached marginal stability (FoS = 1.0).
Importantly, the lowest FoS (<1.0) indicated that even in the
absence of rainfall, critical zones of weakness already existed
within the slope profile, particularly where road excavation
altered the geometry.

2) Baseline wet-season condition

To represent rainfall infiltration and groundwater rise, a
pore pressure coefficient (Ru = 0.40) was uniformly applied
across the slope. This value falls within the conservative
range of 0.2-0.5, commonly used for saturated clays in limit
equilibrium analyses, ensuring that the model accurately
reflects hydrological loading under intense rainfall
conditions.

As shown in Fig. 18, the FoS declined markedly compared
to the dry baseline scenario. The maximum FoS dropped to
1.66, while critical slip surfaces in the mid- and toe-slopes
yielded values of 0.76 and 0.58, respectively. These results
indicated that large sections of the slope transition into
instability when pore pressures were introduced, with the
road cut and lower slope being the most vulnerable zones,
portraying global instability.
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The sharp reduction in stability stressed the slope’s
sensitivity to hydrological forcing. While the slope retained
marginal stability under unsaturated conditions, the
introduction of pore pressure was sufficient to trigger
large-scale instability. This behavior was consistent with
field evidence from the July 2022 event, where progressive
rainfall infiltration led to widespread cracking and ultimately
failed.

Name : Baseline 1
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Fig. 17. Dry condition using Geo5 slope stability module.
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Fig. 18. Wet condition using Geo5 slope stability module.

C. Results of Household Vulnerability and Exposure
Assessment

A Spatial Household Vulnerability and Exposure
Assessment Map was developed, as shown in Fig. 19, to
identify communities situated within areas potentially
affected by slope-related hazards. The map shows resident
dwellings located near the 2015 tensile crack and within the
vicinity of the July 2022 failure zone. Several houses lie close

to active scarps and along potential runout paths,
underscoring their direct exposure to further slope
movement.
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Fig. 19. Spatial household vulnerability and exposure assessment map.
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2015 tensile cracks and within areas showing deformation
indicators were classified as directly exposed. These
households face immediate risk from continued slope
movement, scarp expansion, or secondary landslides.
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Fig. 20. Diagnostic Hydro-Geomorphic Exposure Map

In contrast, Barangay Fatima was classified as indirectly
exposed, as it lay approximately 1 km downstream within the
hydrological flow corridor of the Callawa—Fatima catchment.
Although outside the current landslide footprint, reactivation
of the 2022 failure or adjacent dormant slopes could generate
a landslide-dam, whose blockage might trigger debris-flow
surges and downstream sediment inundation. Table 3
summarizes the classification of household exposure and
associated hazard processes.

Table 3. Classification of household exposure and associated hazard

processes
Exposure Spatial Criteria Potential Hazard
Type
Directly Exposed Households
S . . Secondary slope
located within or immediately movement ound
Direct  adjacent (<100 m) to the 2015 cHuent; g
. . subsidence, scarp
Exposure  tensile cracks, 2022 failure .
scarp or geomorphic retrogression, and
Do localized debris slides.
reactivation zones.
Barangay Fatima community River  blockage by
(Indirectly Exposed  secondary landslides can
Indirect Households) is located along cause landslide-dam
Exposure  the downstream flow corridor,  formation and
hydrologically connected to  debris-flow surges or

the failure zone sediment inundation.

While this study focused primarily on physical exposure,
socio-economic parameters, such as household income,
adaptive capacity, and coping mechanisms, were not
incorporated into the present hydro-geomorphic diagnostic.
This exclusion was justified by the study’s emphasis on
physical process diagnosis and spatial exposure delineation,
where reliable socio-economic data were not yet available at
the parcel scale.

D. Integrated Discussion

The July 2022 Callawa—Fatima landslide resulted from the
interaction of hydrological, geomorphic, and geotechnical
processes. PAGASA rainfall records show that several days
of moderate wetting (July 8—12) preconditioned the slope,
while intense bursts on July 13—14 sharply increased pore
pressures. Field evidence confirmed this sequence:
community reports of cracking on July 10 coincided with
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antecedent rainfall, and inspection teams later observed
ground movement before the collapse. These hydrological
triggers acted on a slope that was already predisposed to
failure, as indicated by geomorphic analyses. The 2015
tensile crack, the contour distortions, and vegetation changes
over time all signaled progressive weakening. Similar
behavior was reported by Kolathayar, Menon, and Kundu
[53], who analyzed the July 2024 landslide in Wayanad, India,
where continuous antecedent rainfall over 48 h induced
debris flow and slope reactivation along steep convergent
catchments. This supported the present study’s finding that
short-duration, high-intensity rainfall, when superimposed on
already saturated slopes, can initiate deep-seated movement.

LEM modeling further validated this progression, showing
that even under dry-season conditions, localized slip circles
near the road canal yielded FoS values below 1.0, indicating
partial instability. In contrast, the introduction of pore
pressure led to larger sections of the slope experiencing full
slope failure (FoS < 0.58).

The implications extend beyond the 2022 landslide.
Geomorphic and susceptibility mapping reveal that the
adjacent slope west of the main failure zone displays the
classic topographic features of an inactive landslide body,
intersected upslope by a stream tributary and undercut
downslope by the river. This area is not only geomorphically
unstable but also socially vulnerable: several households are
located above and below the slope, while further downslope,
the community of Barangay Fatima lies along the same
corridor, preceded by a bridge that crosses the river. These
interacting hydrological and geomorphic processes are
illustrated in Fig. 20, the Diagnostic Hydro-Geomorphic
Exposure Map.

IV. CONCLUSION AND RECOMMENDATIONS

A. Conclusion

The Callawa—Fatima landslide of July 2022 has
demonstrated the combined influence of long-term
preconditioning and short-term hydrological forcing in a
tropical mountain region. Field and historical records
documented tensile cracks as early as 2015, while Sm contour
analysis and landslide susceptibility mapping confirmed the
presence of both active and dormant instability features.
Hydrological assessment showed that Catchment Area 1
directs drainage flows into the landslide zone, and that days
of antecedent wetting followed by high-intensity rainfall
bursts substantially increased pore water pressures.
Numerical modeling indicated that hydrological loading
further decreased the already marginal stability under dry
conditions, reducing the Factor of Safety to wvalues
significantly below 1.0 under wet conditions.

This study establishes a hydro-geomorphic diagnostic
framework using freely available datasets and accessible
analytical tools, making it well suited for data-scarce and
resource-limited settings. Although the analysis is
constrained by the resolution of the ASTER DEM, reliance
on rainfall data from a single PAGASA station, and the use of
estimated soil parameters due to the absence of in-situ
monitoring, the framework effectively identified key
instability mechanisms and high-risk zones. As such, it
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provides a practical and transferable basis for diagnosing
rainfall-induced slope failures, supporting early warning
efforts, and enhancing the resilience of road infrastructure
and nearby communities in tropical mountainous regions.

B. Recommendations

Effective slope risk management in the Callawa—Fatima
Road network requires an integrated approach that combines
hydrological threshold-based early warning, continuous
geomorphic monitoring, and engineered stabilization
measures tailored to clay-rich tropical soils. Specifically:

1) Implement continuous monitoring of tensile cracks and
nearby dormant landslide zones using field instruments
like extensometers, inclinometers, and localized rain
gauges and remote sensing techniques.

2) Develop rainfall-threshold-based early warning systems
using PAGASA data supplemented by on-site rain gauges,
with consideration of future climate-driven rainfall
intensification.

3) Integrate gray and green infrastructure, including
drainage, retaining structures, Mechanically Stabilized
Earth (MSE) walls, and vegetation-based erosion control,
to enhance slope stability and hydrological resilience.

4) Adopt risk-sensitive land-use planning for exposed
households and downstream infrastructure, supported by
community-based preparedness and evacuation measures.

5) Balance cost-effectiveness and long-term risk reduction
in post-failure road rehabilitation by stabilizing the
distressed slope must still be considered to protect nearby
households, the Barangay Fatima community, and the
downstream bridge from secondary slope failures or
sediment mobilization along the river corridor.
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