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Abstract: The major highway in Sri Lanka that links the capital, Colombo, with the second capital,
Kandy, passes through Kadugannawa, characterized by steep hills. The geological and geomorpho-
logical setting of the terrain often leads to slope failures. The objective of this study is to interpret
the key factors influencing the slope failures that occurred in close proximity at two separate loca-
tions with two different slope conditions. Typical local and regional brittle and ductile structures
include fault scarps, deep-seated detachments, and variable folding. According to our results, one
of the studied locations experienced translational landslides because of weakened basement rock
surfaces, hydrophilic clay minerals, and anthropogenic influences, whereas the other location expe-
rienced multiple stages of mass movement influenced by inhomogeneous colluvial soil and re-
gional, geological, and hydrogeological conditions. Based on the present study, it can be concluded
that geological studies must be carried out within the local area rather than at the regional scale.
Otherwise, the constructions for the prevention of landslides in complicated geological settings will
fail or may not be used for a long period. Moreover, consideration of future climate change is es-
sential when undertaking construction in challenging terrains.

Keywords: slope stability; precipitation; climate change; clay minerals; causative factors; bedrock
fractures

1. Introduction

Landslides pose significant hazards globally, resulting in significant human and fi-
nancial losses, especially in developing countries [1,2]. These natural slope failures are
commonly caused by a combination of factors, such as heavy rainfall, storm water activi-
ties, geological and topographical conditions, geotechnical properties, seismic forces, and
anthropogenic activities [3,4]. Human activities, particularly in construction areas such as
roads and buildings, can also affect slope susceptibility when slope conditions are un-
known [5,6]. However, the contribution of these factors varies, with specific factors affect-
ing each landslide [7-9]. In general, the number of rainfall-triggered landslides is expected
to increase, especially in tropical climates, due to climate change [10-13]. Bracko et al.
(2022) [14] show that the change in precipitation patterns will especially impact soils of
low permeability. However, including climate change effects as well as uncoordinated
urban sprawl along slopes in landslide hazard assessments is challenging [15].

In the recent past, the intensity of natural disasters, including landslides, has in-
creased in Sri Lanka [16]. Based on rainfall patterns and the frequency of landslide occur-
rences, an increase in landslides in Sri Lanka was observed over the last two decades
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[17,18], which may be attributed to climate change rather than human activities. Accord-
ing to estimates by Senanayake and Pradhan (2022) [19], soil erosion rates in the country
are expected to increase by 4-22% compared to the erosion rate in 2020, indicating an in-
crease in the rate of landslides.

Despite being a small island with a land area of 65,610 km?, Sri Lanka is characterized
by diverse geomorphologic settings, even within short distances [20-23]. However, in Sri
Lanka, detailed investigations of landslides or slope failures have generally been con-
ducted over larger areas, rather than focusing on individual small failures that occurred
in close proximity. Comparing regions with similar precipitation patterns in Sri Lanka and
Japan, it was found that the topography has a strong impact on the spread and mobility
of landslides in Sri Lanka [13]. Further factors influencing landslides or slope failures
within a small area can vary due to a variety of reasons, such as variations in vegetation
intensity, anomalies in soil texture, and different geological conditions, as well as anthro-
pogenic influences such as slope cutting, the construction of poorly designed buildings,
alterations in surface water flow paths, and changes in land use [24]. Among the factors
mentioned above, human activities significantly contribute to inducing landslides, with a
risk factor approximately five times higher than that in barren terrain [25]. However, a
lack of trust in governmental actions, insufficient financial support and the fear of loss of
income due to self-employment has limited relocation measures in Sri Lanka [26].

Since roads in Sri Lanka are the main transportation routes, they are a major require-
ment for socio-economic development. The highway road network of Sri Lanka covers all
parts of the country and crosses several morphological settings, and the spread of the road
network is about 119,000 km (Figure 1). Landslides frequently occur in hilly regions of the
country during heavy rain periods and can affect the roads in certain areas. Sometimes,
slope failure events occur through cutting slopes made for road construction and nearby
construction, changing the natural hydrological and pedagogical conditions [27-29]. Such
incidents seriously damage the country’s economic situation and result in the sudden loss
of lives, environmental destruction, and the erosion of social integrity among poor people
[30].

The Colombo-Kandy road, also referred to as the Al road, links the capital (Co-
lombo) and the second capital (Kandy) of the country. The road further extends towards
the northern end of the island. In comparison to other roads in the country, this road pro-
vides significant facilities for the nation, as it is used not only for transporting passengers
but also for delivering essential goods and materials to the people. The Colombo-Kandy
railway track, which connects to other major cities located to the southeast of Kandy and
in the hill country, also runs close to the highway at Kadugannawa. Landslides and slope
failures have occurred frequently in the Kadugannawa area, causing significant damage
in 2003, 2016 [31], and 2021 (the most recent failure). This may be attributed to the intense
rainfall in recent years and the encroachment of dwellers and residences along the road-
side with the aim of selling items to passengers and providing easy transportation for
them. Due to the increasing population in the area, the natural setting has been altered.
Due to the influence of anthropogenic activities associated with climate change, the occur-
rence of landslides is highly probable. Large-scale slides were not recorded in the area
until 2016. Therefore, the landslide hazard was not present in the public perception. Slop-
ing areas were covered for unauthorized constructions and small-scale cultivations, which
led to the diversion of the natural water flow and alterations in slope angles. However,
there is ample evidence of paleo-landslides that may have occurred long before the con-
struction of the road. Some parts of the road were constructed on paleo-landslides. Past
studies revealed that building and sustaining highways in regions with historical land-
slides, complex geological settings, and high-risk areas is an extremely difficult task
[32,33].

Before implementing remedial measures for the damage that has occurred, the main
causative factors must be clearly understood [34,35]. After this, appropriate geotechnical
methods and soil treatment schemes should be proposed and implemented [36,37].
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Therefore, risk analyses and assessments are essential tools for addressing the ambiguity
characteristic of landslide hazards [38]. Landslide-prone hills have been identified by most
districts [39] but, besides risk zoning, very few counter measures within Sri Lanka are
specified in the literature [40]. In general, common counter measures and reinforcement
designs include surface water management using drainage systems [14], the modification
of slope geometry, reinforcement by soil nailing, or the installation of protective nets [41].
We observed drainage systems, retaining walls, and soil nailing as common geotechnical
mitigation measures along roadsides in Sri Lanka. If possible, slope monitoring using var-
ious methods, such as tilt measurements [42], or even a combination of engineering [43]
and/or geophysical [44] methods, can contribute to a site-specific early warning system.
However, the large numbers of landslide-prone hills in Sri Lanka require low-cost solu-
tions [45], such as that presented by Fang et al. (2024) [46]. The current landslide early
warning system in Sri Lanka is primarily precipitation-based, with some site-specific early
warning systems based on instrumentation and community observations [47].

T
10°0.0" = ggop.or 81°0.0' O Study area
(a) Railways
— Highways

Climatic Zones
I wet

Il Intermediate
[ Dry

9°0.0

8°0.0

(C)o
Precipitation (mm) —@— Average Rainfall Days
35 400
o 30 _
3 300 E
7°0.0 =2 E
£ 5
g 20 S
o pi
o, 200 5
@ 15 (3]
] °
é o
20 100
5
s 0 25 50km 0 "
| | Jan Feb Mrz Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 1. (a) Climatic zones of Sri Lanka based on Punyawardena (2020) [48] with major cities and
the national railway and highway network. (b) The two test sites along the Colombo-Kandy Road,
close to Kadugannawa (satellite image by Google Maps 2024 Airbus/CNES). (c) Monthly precipita-
tion and rainfall days of 2021 for the study area, with data taken from World Weather Online.

The objective of this study is to interpret the key factors influencing the slope failures
that occurred in close proximity on two separate slopes that developed (i) obliquely to a
scarp slope of basement rocks with distinct soil characteristics and (ii) parallel to a steep
escarpment. The findings of the current study demonstrate the high variability of the fa-
cilitating factors for landslides over short distances. Hence, our work provides indications
for the required resolution of hazard mapping. Furthermore, our findings provide valua-
ble insights to professionals working on highways or other related construction areas in
challenging geological environments and recommend cost-effective, long-lasting
measures to prevent slope failures.
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2. General Setting of the Study Area
2.1. Climate, Geomorphology, and Vegetation

Sri Lanka is characterized by three main morphological regions—coastal lowlands
(30270 m), uplands (270-1060 m), and highlands (1060-2400 m)—based on their height
and slope characteristics. The uplands and highlands exhibit a sequence of asymmetrical
scarps or break-in-slopes, while the lowlands have several inselbergs [49]. The study area
belongs to the uplands. The coordinates of the study area were 7°15'16” N and 80° 31’ 27"
E, with an elevation of 580 m above sea level. The study area has a tropical climate and
receives rain even during the driest month in the country (Figure 1). The average annual
temperature is 23.9 °C, and the annual precipitation is approximately 2266 mm. The most
rainfall occurs during October and November (Figure 1c). Because temperature variation
is minimal in the area, the hot and cold seasons cannot be distinguished as clearly as in
other parts of the country.

From a climatological standpoint, the study area has a bimodal pattern in its annual
rainfall, with significant peaks in October and November and a smaller peak in June. The
relationship between the area’s hilly topography and seasonal variations in the country’s
circulation has a significant impact on the distribution of rainfall across the area during
the four seasons. The landslides occurred in November 2021 on the upper slopes of the
Colombo-Kandy roads. High rainfall occurred on 2-3 November 2021, followed by in-
tense rain from 8-10 November 2021, in the area. The total rainfall during these three days
was more than 200mm and the rain mostly occurred during late evening or the night.
Land instability began at around the 98 km post on the road, and tension cracks developed
on November 10, 2021, according to the National Building Research Organization
(NBRO), Sri Lanka (https://www.nbro.gov.lk, Retrieved 25 November 2023). Slope fail-
ures with structural damage were reported in the area, mostly within two days of the
rainfall.

The study area exhibits a ridge and valley topography characterized by highly dis-
sected plateaus that have undergone intense erosion, as well as narrow and elongated
doubly plunging synforms, along with north-south trending parallel rock exposures.
Most rock slopes are relatively stable and well-developed steep scarps are common, par-
ticularly near the Colombo-Kandy highway and rail track. However, the areas located
adjacent to rocky exposures at lower elevations are composed of colluvium deposits, mak-
ing these areas highly vulnerable to land instability. The middle area of this synform is
relatively flat and has an undulating or hummocky topography due to the basement geo-
logical conditions [49]. In moderately sloped areas, the slope angle varies greatly, with
values ranging from 10 to 35°. A large-scale landslide occurred in the southern hilly area
long ago, resulting in an undulating topography.

The area is mostly covered by home gardens, particularly near the main highway
(Figure 1b). These gardens are characterized by varying heights of canopy cover and nat-
ural and cultivated species. Large trees include mature timber species, while smaller trees
or bushes include fruit, ornamental, medicinal, and spice trees. The lowest layer consists
of wild ground cover and clear patches for cultivating annuals and vegetables. In general,
trees and other smaller species are planted in random patterns. The natural vegetation
that still exists is frequently confined to remote peaks and hill ranges. The majority of the
sparsely distributed grasslands constitute non-forest vegetation types.

2.2. Geological Setting and Subsurface Conditions

Over 90% of Sri Lanka consists of highly crystalline amphibolite to granulite-grade
metamorphic rocks of the Precambrian age. The remaining part is covered by sedimentary
sequences in the northwestern portion that belong to the Jurassic, Miocene, and Holocene
periods. Based on its lithology, isotope geochemistry, and tectonic-metamorphic history,
the crystalline basement of Sri Lanka has been subdivided into four major units: Highland
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Complex (HC), Wanni Complex (WC), Vijayan Complex (VC), and Kadugannawa Com-
plex (KC) [50,51].

The study area contains both HC and KC rocks. Common rocks in the area include
biotite quartzofeldspathic gneiss, granitic gneiss, hornblende pyroxene biotite gneiss,
charnockitic biotite gneiss, garnet biotite sillimanite gneiss, and crystalline limestone (Fig-
ure 2). Rocks in the contact zone are found to form transitional zones, with KC rocks lying
on those of HC [52]. The rocks in the area generally trend in the N-W direction and they
dip towards the N-E direction. Most of the land failures in the area occurred along the
scarp slopes or inclined to the scarp slopes.
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Figure 2. Map showing the major structural setting of the study area and its surroundings based on
data from [53] and the present study. The red lines marked in the map are possible lineaments ac-
cording to the aerial photographs and satellite images.
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According to a seismic survey conducted oblique to slopes by the National Building
Research Organization (NBRO) in Sri Lanka in 2022, a thick layer of colluvium soil exists
beneath the topsoil layer (National Building Research Organization (NBRO), Sri Lanka;
https://www.nbro.gov.lk/pahala-kadugannawa-land-instability, last accessed on 27 May
2024). The soil, found in many profiles of the study area, is characterized by poorly to very
poorly sorted angular and sub-rounded gneissic rock fragments. These properties, along
with the water seeping from elevated areas during rainy periods and gravitational forces,
increase the risk of landslides. Furthermore, soil in such slopes is rich in clay associated
with granular materials, low organic matter, and relatively slow hydraulic conductivity,
making it susceptible to mass movements.

3. Methodology

The current study was carried out at two selected locations (Figure 1) with different
geological, hydrological, and morphological settings (Figures 3-5). A visual inspection
and interpretation of aerial photographs or satellite imagery was conducted to locate past
landslide features and major geological structures. The demarcation of landslides zones,
measuring of slope angles and altitude, and determining of hydrogeological conditions
were carried out during the mapping process. Slope angles at various locations within the
study area were measured using clinometers and topographic maps. GPS or topographic
maps were used to determine elevation variations across the landslide and surrounding
terrain. Elevation changes can influence drainage patterns and contribute to instability.
Factors such as surface water flow, the presence of springs, and drainage patterns were
examined. Furthermore, the local and regional geological data such as strike, dip, folia-
tion, weathering conditions and rock joints, and soil characteristics were recorded. The
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Figure 3. Geomorphological mapping of study site 1 (a) and site 2 (b). The water runoff originates
from springs at higher slopes. Both landslides reached the Colombo-Kandy road, with rock boul-
ders present at site 2 while residual soil was visible along both sides of the debris at site 1.

racks Development}

Figure 4. Photographs of (a) the failure area at site 1, revealing a soil mass devoid of rock boulders
with large trees in the surroundings; (b) the scarp slope in the crown area of landslides at site 2; and
(c) a boulder surrounded by boutique construction (site 2).

Soil and weathered rock samples were collected for laboratory analysis (Figures 3
and 5). Furthermore, major geological structures in the region were examined using the
geologic interpretation of available aerial photographs and satellite imageries, as well as
geological maps published by the Geological Survey & Mines Bureau, Sri Lanka, to obtain
a better understanding of their role in landslide formation. The particle size distribution
of several soil samples was determined by analyzing the weight percentage of particles
retained on a series of standard sieves with decreasing sizes. The particle size distribution
is plotted as a cumulative lognormal size distribution. The clay fraction of soil samples
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was subjected to X-ray powder diffraction analysis (using the Bruker D8 Advanced Eco
Powder X-ray Diffractometer) to determine the presence of clay minerals. The analysis
was carried out at the Postgraduate Institute of Science at the University of Peradeniya in
Sri Lanka. Furthermore, secondary data on the study area were gathered from the pub-
lished literature, whereas primary data were obtained through field investigations, stake-
holders, and public consultation. The National Building Research Organization (NBRO)
of Sri Lanka published data on the underground conditions of the slopes at both locations,
which we also wused for interpretation. The information is available at
https://www .nbro.gov.lk/pahala-kadugannawa-land-instability, last accessed on 27 May
2024.
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Figure 5. Particle size distribution curves of three soil samples taken at each site at the locations
marked in Figure 3.

We integrate field observations and the data obtained in the field, as well as the data
obtained in the laboratory. Furthermore, we assess the structural characteristics of the rock
joints within this area, including their strike, dip direction, and dip angle. Moreover, the
geological mapping and water flow paths were correlated with the aerial photographs,
satellite imagery, and drone images.

4. Results and Discussion
4.1. Distinguished Features of the Slope Failures at the Study Sites

The presence of residual soil formed on hornblende biotite gneiss distinguishes the
slope failure area at site 1 from that at site 2. This gneiss has a dip angle of around 60° and
slopes northeastward. In the crown area and closer to the right flank of the slope failure,
small man-made ponds and natural perennial and semi-perennial drainage networks are
prevalent. Large boulders, several square meters in size, occur obliquely to the strike of
the bedrock and are ubiquitous in the southern and top areas of the slope (Figure 3a).
Because they are oriented in different directions, this indicates that the slope has been
formed by one or more large-scale landslides that occurred a long time ago. Furthermore,
residual soil and bedrock exposures are present on the southern side of the failure area
(Figure 3a). The failure area has an irregular shape, with a length of 3545 m and a width
of 35-40 m, and extends from an elevation of 420 m down to 395 m. The mass movement
occurred on the oblique to the dipping angle of the basement rock, and the residual soil
moved as a single mass until it reached the weathered bedrock. The thickness of soil in
the crown area of the slide is higher, up to 15 m, and a steep main scarp has developed
(Figure 4a). This can be identified as a translational landslide.

Because bedrock fragments are not present in the soil mass, it was revealed that the
topography, rather than bedrock joints, is primarily responsible for slope failure.
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Furthermore, the mass movement does not follow the joint patterns of the basement rocks,
which are approximately N60°E and N45°W. The exposed slide surface of the basement
rock weakened due to weathering along the mica- and feldspar-rich layers that are com-
mon in weathered rocks. This chemical weathering is known to weaken the hornblende
biotite gneiss’s surface [54]. The presence of non-engineered man-made structures, as well
as the diversion of natural streams or water flow paths during building construction, in-
dicate an anthropogenic influence on the natural conditions of the slope.

Site 2 spans a polygon-shaped area of up to 120 m wide at the foot and 40 m wide at
the top that is roughly 60 m long. It is characterized by very steep (35°-55°) to extremely
steep (up to 70°) slopes with numerous bedrock exposures (Figure 4b). Two large rock
scarps are present in the area that have not been subjected to slope failure and formed due
to regional geological conditions because the slope is located on a limb of a synform. The
top of the slide is situated above the road, while the toe lies at the cut bank of the road.
The crown of the landslide is on the upper parts of the hills, close to the rock exposures of
the escarpment. The upper part of the area is covered in soil with sparse vegetation. The
hummocky to relatively smooth top surfaces, the presence of narrow steep slopes and
boulders of varying sizes (Figure 3b), and the diversity of the vegetation, ranging from
small bushes to large trees, all indicate that the slope had been subjected to mass move-
ment at various stages over the past hundred years. The basement rock mainly consists of
charnockitic gneiss with small bands of hornblende biotite gneiss. The mountain escarp-
ment is made up of rocks with a high joint and fracture density, as well as a thin layer of
soil and colluvium. The construction of paths and small buildings, primarily along the toe
area of the failures, has an anthropogenic influence on the slope (Figure 3b). Similar to site
1, natural streams on the surface are common, and there are also seepages and springs on
the slope. The land failures predominantly occurred along the planes of joints and faults.
Both rockfalls and small-scale rotational slides occurred along the slope. Unplanned con-
struction along the roadside and the diversion of water in the upper region of the slope
resulted in significant rainwater infiltration. The heavy and prolonged rainfall, as de-
scribed in Section 2, coupled with the accumulation of groundwater throughout the
month on the slopes of the escarpments, generated strong destabilizing forces on the loose
materials. The excess pore-water pressure within the soil reduced the shear strength, caus-
ing boulders (with a size ranging from 5 m to less than 1 m) to be transported within the
moving debris.

Surficial features at site 2 can be classified into three zones: (i) the crown area, which
contains less disturbed soil masses, rock boulders, and basement rock exposures; (ii) the
main body, which includes several minor scarps and cracks, as well as highly disturbed
colluvial soil with boulders; and (iii) the toe area, which contains disturbed geologic ma-
terials and small-scale mud flows. The crown of the slide is closer to the scarp slope of the
basement rocks, while the toe is on the road. Field observations within the study period
noted that, during the rainy season, the development of cracks between the rock masses
and soil is common due to the seeping of water through the fractures in the basement
rocks or the boundary between the rock masses and soil, indicating the instability of the
slope. Human activity in the middle of the slope and toe areas is quite high, involving the
diversion of natural water flow paths and the cutting of slopes for construction. The slope
of the adjacent area is partly eroded due to its height and consists of rock boulders ranging
from 0.5 to 7 m. On colluvial and residual soils, weathered rock boulders are common at
relatively shallow depths. The formation of colluvium deposits may be attributed to cli-
matic fluctuations and rock falls [55,56]. Additionally, duricrusts ranging from a few mil-
limeters to several centimeters may form due to the frequent seepage of groundwater [57].
Intensively weathered colluvial soil has been mixed up with residual weathering profiles.
Houses and small boutiques have been constructed on colluvial soil formations (Figure
4c).
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4.2. Soil Texture and Clay Mineralogy

The sampling locations of soil for laboratory analyses are shown in Figure 3 and the
results of the sieve analysis for two sites are presented in Figure 5. The sieve analysis of
the soil revealed that the clay fraction of the soils at site 1 is generally higher than 10% and
has a fine texture. Therefore, the shrink—swell properties of the soil are high, indicating
that the soils exhibit extreme expansion potential, making them susceptible to landslides
[58]. The grain size distribution of overburdened soils shows that they have a similar tex-
ture, implying that they derived from similar types of chemical weathering. The variable
textures of the soils at site 2 indicate that they may have been formed after undergoing
several physicochemical processes. Further, the presence of colluvium in the soil has also
contributed to the formation of the soil, as well as the basement rock. This is because col-
luvium has a higher infiltration capacity compared to the residual soil found at site 1.
Therefore, overland flow is reduced and infiltration increases, resulting in the formation
of clay-rich soils. Further, the content of cobbles and pebbles is considerably higher in
some areas of the soil in the site.

The prominent clay mineralogical composition of the soil in the studied sites is illus-
trated in Figure 6. The fine fraction of the weathering profile of soils at site 1 contains
kaolinite and muscovite, in addition to quartz. Experimental results revealed that the oc-
tahedpral surface of kaolinite is hydrophilic. Montmorillonite, illite, and mica show a range
of wettability: montmorillonite wets strongly, illite wets strongly to weakly, and mica wets
completely [59]. This implies that kaolinite and muscovite mica at site 1 have a high water-
bearing capacity due to their negative charges. Due to their plate-like morphology, clay
minerals associated with water can increase the lubrication property of soils, which may
induce slope instability [60,61]. Muscovite mica acts as a such a lubricant since it has per-
fect cleavage, high flexibility, and high elasticity [62]. Although kaolinite has low cation
exchange capacity and limited swelling and shrinking properties, hydrophilic kaolinite
has high lubrication properties due to its plate morphology [61]. Slipping zones that ex-
hibit a lubricating effect between landslide masses and bedrock may function as impervi-
ous boundaries, effectively segregating landslide masses from the surrounding environ-
ment [63]. This agrees with our field observation, reported above, that the exposed slide
surface was covered by mica- and feldspar-rich layers. Therefore, both muscovite and ka-
olinite in the fine-fraction-rich soil at site 1 resulted in slope failure. Triaxial and direct
shear tests from the shear zone of the Watawala Earthslide (Sri Lanka) revealed a signifi-
cant loss of strength in the involved clay-rich soils due to this lubrication effect [64]. Also,
in the slope failure in Kahagolla, the role of weak, clay-rich soil layers has been highlighted
[65]

In contrast, site 2 is low in such clays, with them forming less than 5% of the gravita-
tional fraction in the sieving analysis. Therefore, the contribution of clay to the mass move-
ment in the area is low.
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Figure 6. Mineralogical composition of the fine fraction of the soil ((a)—site 1; (b)—site 2). Ch—
chlorite; Hy —hypersthene; I —illite; K—kaolinite; Mg —magnetite; Mu —muscovite; P—plagioclase;
Q—quartz. The scale does not account for intensity, given the exceptionally high intensity of certain
peaks.

4.3. Subsurface Saturation and Pore Water Pressure

The slope failure that occurred in the hillslope of site 1 was influenced by several
factors, such as micaceous soil, water storage in the soil due to water seepage through
water paths, large trees, fractures that developed in the basement rocks, and slope cutting
for the construction of roads. Due to the limited presence of fractured rocks and the pre-
dominance of clay-rich residual soil at site 1, the increased matrix infiltration led to an
advancement in pore water pressure within the soil. This, in turn, reduced the effective
stress, culminating in the failure of the slope. Additionally, the increased saturation of the
matrix material contributed to a reduction in the shear strength of the soil.

At site 2, the overburdened colluvium soil, containing boulders of varying sizes, fa-
cilitated the infiltration of water received from both rain and streams running perpendic-
ular to and along the slope. Field observations and drone images revealed that the prom-
inent joints in the hard rocks at the site are vertical, with orientations of N45°W. The open-
ings of these joints, extending up to 2.5 m, contribute to the higher permeability, especially
at the top of the hill. Further, clay-filled areas in joints also serve as water flow pathways
where significant joints occur due to past mass displacement spanning centuries. The wa-
ter pressure in these areas is generated by streams located above and to the west of the
concentrated fracture zone. This water then moves horizontally into the jointed areas,
which are mostly made up of highly fractured and decomposed hard rock, causing in-
creased water pressure, decreased shear strength, and soil displacement. Fractured rocks
provide pathways for water to bypass the fine- to medium-grained matrix and flow more
rapidly. Since the location is close to the hinge of the synform (Figure 2) the fracture in-
tensity is high and variable even within short distances. On the other hand, possible flow
paths may occur along the shear zone in the scarp of the major rock slope failure at the
site.

Therefore, the intense fractures of bedrock and local and regional hydraulic influ-
ences (water penetrating through fractures and boulder—soil contacts) led to slope insta-
bility at site 2. Further, the complex soil conditions at the site triggered slope instability
during periods of heavy rainfall. Additionally, surface water movements, alterations in
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water flow paths caused by bedrock topography and ecological factors, along with hu-
man-induced changes, have also contributed to the promotion of mass movement.

4.4. Influence of Regional Geological and Hydrogeological Conditions

Regional geological settings in hard rock terrains can have a significant impact on
landslides [66,67]. Large-scale geological structures and extended fractures may lead to
the development of geologically weak areas. For example, the hinge of folds consists of
high-intensity fractures and joints, leading to the development of weak areas. The study
areas and the surrounding region are characterized by large-scale double-plugging syn-
forms (Figure 2) and antiforms, which resulted in the major morphological features of the
area [49]. Most of the valleys in the area developed in the core areas of synforms, and
escarpment slopes are found in their limbs. The presence of high-intensity fractures in the
area and reginal fracture network (lineaments) indicates that the basement geological set-
ting of slopes is weak in terms of its geological structure. Based on the seismic survey
conducted by the NBRO (referenced above) the thickness of the weak formations varies
between 5 and 8 m at this specific site. Therefore, such slopes can easily become suscepti-
ble to landslides.

Faults and shear zones tend to confine or promote the movement of groundwater,
which can impact the stability of slopes [68]. In areas with hard rock aquifers, groundwa-
ter can travel through the lineaments, joints, and faults that act as pathways for water flow.
Elevated areas situated near the Kadugannawa area with a basin morphology can accu-
mulate more groundwater in hard rock fractured zones, and such groundwater bodies
release water at the escarpments in the Kadugannawa area. Even during dry periods, the
presence of springs on the upper slopes of the area indicates that the spring water should
be sourced from other areas, such as where a large valley is located in the northern ele-
vated part of the area. Groundwater in the valley of the hilltop in the study area may be
released through the fractures and flow down into slopes closer to the road. Therefore,
pore water pressure and natural springs along the slope can be developed. Under these
circumstances, it can be assumed that the areas of site 2 are prone to land instability, not
only due to local geological settings but also because of regional geological conditions.
However, site 1 has not been influenced much by basement structures but is mainly af-
fected by recent subsurface processes. The determination of hill slope stability depends
largely on rock strength, as this controls the impact of groundwater and the hydrostatic
pore pressure entering the subsurface. The weakest unit within the rock mass is the con-
trolling factor for threshold angles. Rocks with deep fissures may become weaker while
becoming more permeable. When the strength of the surface material is less than or equal
to that of the underlying material, the maximum stable gradient is determined by the
weaker surface material. Therefore, it was proposed that the density of surface fractures
governs the threshold angles of stability, whereas the depth of bedrock fracturing limits
the magnitude of landslides [69].

4.5. Summary on Failure Modes and Mechanisms

Due to their differences in lithology, soil texture, and hydrogeological conditions,
both sites show different failure modes and mechanisms. The studied event at site 1 is a
translational debris flow. The failure plane developed along the clay-rich layer of weath-
ered bedrock below the residual soil due to the lubrication effect of the mica and kaolinite
minerals, which caused a significant drop in cohesive and shear resistance due to the per-
colating water during the prolonged rainfall in November 2021. The increasing pore water
pressure due to the limited infiltration capacity of the weathered bedrock further reduced
the normal stress and subsequently caused slope failure (Figure 7a).

Tensile crack opening around the crown and upper part of the slope at site 2 indicates
that tensile failure initiated a landslide, which then transitioned into rotational debris flow
with minor rockfall. The high fracture density due to the regional geology of an anticline
allows water to quickly infiltrate deeper layers while also providing cohesionless planes
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(Figure 7b). The presence of boulders of varying sizes within the residual soil further re-
duces the cohesiveness of the soil along the soil-boulder interfaces, which also provide
preferential fluid pathways.

While both events occurred in close spatial proximity and temporal succession dur-
ing the monsoon period in November 2021, based on our analysis, we hypothesize that
the prolonged rainfall was a triggering cause for the landslide at site 1 but the singular
heavy rain event between the 8th and 10th of November was causative of the slope failure
at site 2. From the grain size distribution and the absence of fractured or other preferential
pathways, one can reasonably assume that site 1 has a lower infiltration capacity than site
2. Hence, prolonged rainfall caused deep infiltration into the soil, lubricating the clay and
continuously building up pore pressure in the soil at site 1. As site 2 has higher infiltration
rates due to the significantly smaller fine fraction and the presence and opening of tensile
cracks, seepage water can reach a greater depth more quickly. The high-intensity rainfall
from the 8th to 10th of November caused impounded water inside the fractures, increas-
ing pore pressure along the existing and propagating fractures and causing slope failure.
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Figure 7. Conceptual model of the failure mechanisms at site 1 (a) and site 2 (b). Slope failure is
caused by a lubrication effect in combination with increasing pore pressure due to water infiltrating
the boundary between residual soil and weathered bedrock. At site 2, the tensile cracks allow for
fast water migration towards the weathered bedrock, where the increased pore pressure along the
cohesionless cracks and boulder—soil interfaces reduce the normal load to initiate failure.

Anthropogenic surface alterations such as surface water paths, agriculture, and
buildings might contribute to the failure caused by increased water input during days of
reduced precipitation, the loss of root water uptake and stabilizing deep-reaching roots,
and the increased load along the slope. Additional local groundwater flow into the slopes
might also facilitate rock failure.

4.6. Proposed Mitigation Measures

To ensure safety, it is recommended to employ two distinct construction techniques
that consider the present geological and hydrological conditions of the two studied sites.
This suggestion aligns with the findings of Pradhan and Siddique in 2020 [70] and consid-
ers the potential impact of future climate change worldwide.

The most likely slip surface at site 1 is residual clayey soil and weathered rock asso-
ciated with hydrophilic secondary minerals. The presence of water in the soil decreases
the residual soil profile’s shear strength. Therefore, managing surface water infiltration
into the soil is crucial. This is in accordance with the methods proposed by Bracko et al.
(2022) [14] to reduce the water net infiltration in soils of low permeability. Further, it is
necessary to utilize ground improvement methods to increase the strength and stability
of weak soil [71,72]. This can involve several methods, such as chemical methods, stabili-
zation through geotextile and fabrics, and mechanical stabilization to improve the soil’s
engineering properties. Reinforced soil structures or soil nailing are the most appropriate
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constructions for the site [73,74]. Our study results show that, at site 1, the clay-rich soil
layers including the minerals muscovite and kaolinite act as potential failure planes due
to their lubricating effect. Mitigation measures either need to improve water drainage at
these layers through drainage systems or stabilize these layers mechanically, potentially
also through respective land use and cultivation with deep-reaching roots. Clay-rich lay-
ers can be identified using geoelectrical methods during field investigations [44].

The high load of unstable soil in site 2 in the upper slopes, the flow of water into the
surface of the slopes, groundwater influence in the upper slope and the perched water
table, and the underlying colluvium material, which causes soil softening, are the main
reasons for instability in the site. As long-term measures, introducing a new surface drain-
age system to divert the rainfall water, strengthening the affected area by adding soil nails,
constructing a new retaining wall next to the main road to support the load [75-77], and
the implementation of regulations for the construction and diversion of any water paths
are required. In addition, to improve the stability of the risk area marked at site 2, it is
necessary to lower the groundwater level using long drains (pipes) connected to fractured
basement rock to remove water. Gravity-type retaining walls must be built at the toes of
sites to prevent the lateral movement of soil masses and soil erosion.

5. Conclusions

Our study shows that within less than 600 m distance, two very different failure
events triggered by the same precipitation event occurred in 2021 in the Kadugannawa
area along the Colombo-Kandy Road. The slope failure at site 1 is attributed to micaceous-
and feldspar-rich residual soil, an altered natural water flow resulting in surface water
seepage, and the presence of large trees. Site 2, on the other hand, was unstable due to
colluvium-rich overburdened soil, intense bedrock fractures, and hydraulic influences
from local and regional water sources infiltrating through fractures and boulder—soil con-
tacts. Hence, the resulting counter measures differ between the two sites, as discussed
above. At site 1, the focus should be on managing surface water infiltration into the soil,
coupled with ground improvement methods to enhance the strength and stability of the
weak soil, such as soil nailing. For site 2, long-term measures involve implementing a new
surface drainage system, as well as the installation of long drain connected to the fractured
basement rock to lower the groundwater level. Reinforcing the area with soil nails or re-
taining walls could provide additional stability, and enforced rules regarding construction
and water diversion are especially required.

As such, our work provides explicit evidence of the necessity of high-resolution haz-
ard zone mapping in Sri Lanka and in similar highly heterogeneous geological and geo-
morphological areas, especially along highways and other crucial infrastructure. Com-
monly applied satellite-based remote sensing methods might be insufficient due to their
coarse grid of available observations and their inability to account for geological differ-
ences. With the anticipated change in precipitation patterns due to climate change, a re-
evaluation of failure-prone hillslopes might be necessary. Our results also indicate that
specific mitigation measures need to be applied to individual sites following a thorough
investigation of the causative factors at each landslide-prone location.
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