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Abstract A massive landslide occurred in Domeshi area, District
Muzaffarabad, Pakistan, in two distinct phases: an initial move-
ment on August 1, followed by complete failure on August 4, 2023.
The landslide movement persisted for 96 h, with a runout distance
of 500 m. The event destroyed numerous residential structures,
impacting multiple families, and causing extensive damage to cul-
tivated land and road infrastructure. To comprehensively under-
stand the failure mechanisms, a detailed study was undertaken,
encompassing site investigations, unmanned aerial vehicle (UAV)
photography, geotechnical and geophysical investigations, petro-
graphic analysis, kinematics, and numerical simulations. The field
evidence indicates that the active deformation along the Jhelum
Fault (JF) within the landslide’s main body weakened the sur-
rounding rock formations. Intense rainfall saturated pre-existing
fractures, creating critical zones of weakness. Highly plastic clays
along fault plane contributed significantly to volume changes, espe-
cially during and after rainfall events. Kinematic analysis identi-
fied bedding joints as prevalent failure planes for planar sliding.
Geophysical survey revealed a layer of unconsolidated material
extending 25-30 m below the landslide’s scarp, accompanied by
various fractures, including a deep fracture (i.e., JF) up to 300 m
depth. Petrographic investigations showed microfractures, micro
faults, and intragranular mineral breakage, indicative of intense
tectonic stresses. Slope stability analysis indicated factors of safety
(FoS) and strength reduction factor (SRF) less than 1, suggesting
the potential for further failure in the lower sections of the land-
slide. Multiple factors, including slope geometry, active tectonics,
material composition, and anthropogenic factors (i.e., slope loading
and cutting for road and building construction, improper drainage
distribution), contributed to the landslide’s occurrence, however,
the rainfall emerged as the primary triggering event.

Keywords Fault controlled landslide - Failure mechanism -
Rainfall - Geophysical investigation - Northern Pakistan

Introduction

The climate-induced cascading geohazards have adverse impacts
on the infrastructure, population, and ecosystem of the region
(Thomas 2017; Petley et al. 2005; Zhang et al. 2020). Due to global
warming, significant changes in the monsoon rain have been
observed in the mountainous terrain of the Himalayas (Sabin
et al. 2020). The landslides, debris flows, and glacial outburst floods
(GLOFs) are mainly triggered due to heavy rainfall on hilly terrains,
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and can destroy transportation networks, infrastructure, and even
entire communities (Peng et al. 2023). Natural disasters severely
impact the developing countries causing significant human casual-
ties and economic loss (Lacroix et al. 2020; Panwar and Sen 2019).
The destructive potential of landslides has been increased with
increasing intensity of severe weather conditions (Cappelli et al.
2021; Sim et al. 2022; G6mez et al. 2023). Landuse practices for the
expansion of human settlements in hazardous and vulnerable areas
further enhances the risk of landslide hazards (Jiang et al. 2021;
Santangelo et al. 2023).

A small magnitude earthquake can trigger a landslide in hilly
areas (Hufschmidt et al. 2005). The northern parts of Pakistan
are characterized by active tectonics, fragile geology, and diverse
topography which make them highly vulnerable to landslides
(Basharat et al. 2021; Riaz et al. 2018). Accumulated and anteced-
ent rainfall patterns further intensify the landslide frequency in
the region (Riaz et al. 2019). Therefore, interplay of climatic condi-
tions and seismic activities compromise slope stability, making the
Himalayas landslide susceptible region. One of the most devasting
seismic event (2005 Kashmir earthquake) caused 87,000 causalities
out of which 26,000 were directly or indirectly caused by the earth-
quake triggered landslides (Basharat et al. 2021). These landslides
also severely affected the public infrastructure including roads,
houses, water supply, electrical transmission lines, and rural path-
ways (Khattak et al. 2010; Riaz et al. 2023). After this mega event, a
continued landslide activity has been observed due to heavy rain-
fall such as Danna Sahoter Landslide (Khan et al. 2021), Shahkot
Landslide (Ahmed et al. 2021), Donga Kass Landslide (Riaz et al.
2019), Lohar Gali Landslide, Nauseri Landslide, and Langerpura
Landslide (Riaz et al. 2023).

A massive Domeshi Landslide occurred recently in August
2023 near Rara village, District Muzaffarabad, Pakistan. The land-
slide resulted in the destruction of dozens of houses, metaled
road, agricultural land, electric poles, and severely damaged vari-
ous buildings in vicinity of the landslide. To analyze the causative
factors and triggering mechanism of landslide, an understand-
ing of the geological, geotechnical, morphological, and ground
water parameters is essential (Tang et al. 2018). The integration
of geophysical, geotechnical, petrographic, numerical, and kin-
ematic analyses play a crucial role in investigating landslides
(Khan et al. 2021; Mezerreg et al. 2019). Therefore, an integrated
approach using these parameters was adopted to understand the
failure mechanism of Domeshi Landslide. Geophysical techniques
offer insights into the landslide’s geometry, subsurface materials,
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potential slip surface depth, and tectonic features. The geophysi-
cal methods are advantageous due to effective digital data acqui-
sition, processing and interpretation (Pasierb et al. 2019). The
electrical resistivity tomography (ERT) has been traditionally
used as a geophysical technique for landslide studies. The audio-
magneto-telluric (AMT) method has been recently used due to its
ability to demarcate deep geological structures and subsurface
water conditions (Yusuf et al. 2022; Cygal et al. 2021), making it
particularly suitable for studies like the fault-controlled Domeshi
Landslide. Geotechnical investigations provide essential data on
material strength and behavior under stress, including shear
strength parameters and soil moisture conditions, which are piv-
otal for slope stability analysis (Kinde et al. 2024). In the complex
geological environment, traditional geotechnical methods must
be coupled with numerical modelling for analyzing real case sce-
narios of the landslide stability (Truty et al. 2009; Wysokinski
2011; Ozbay and Cabalar 2015; Xu and Yang 2018). These methods
provide potential failure mechanism including slip surface and
factor of safety (FoS) representing an equilibrium between the
slope stabilizing and destabilizing forces. Numerical tools such
as the limit equilibrium method (LEM), finite difference method
(FDM), boundary element method (BEM), and finite element
method (FEM) have been used by researchers for the analysis
of slope stability problems (Griffiths and Lane 1999; Cheng et al.
2007; Liu et al. 2015; Stianson et al. 2015; Mebrahtu et al. 2022).
These methods, i.e., FDM, BEM, LEM, and FEM, can simulate
and assess landslide behavior and stability (Pourkhosravani
and Kalantari 2011). Due to progressive failure modeling capa-
bilities, FEM is widely used to model slope stability (Mebrahtu
et al. 2022). Shear strength reduction (SSR) is one of the most
popular methods for slope stability analysis by FEM and broad
applications exist in literatures (Griffiths and Lane 1999). Vari-
ous authors have compared the results of slope stability analyses
between different LEM and FEM (Hammah et al. 2004; Khabbaz
et al. 2012; Vinod et al. 2017; Zein and Karim 2017), pointing to a
good consistency between LEM and FEM on simple geometries
with homogenous material, but highlighted an overestimation of
the slope stability using LEM for complex geometries, with heter-
ogenous material. Hammabh et al. (2004) proposed FEM using SSR
factor as a robust approach for slope stability. The stability condi-
tions of the rock slope cannot be expressed by a single method,
so different methods should be compared (Sari 2019). For better
understanding of triggering mechanism of Domeshi Landslide,
numerical simulations on slope stability using FDM, LEM and
FEM combined with SSR technique with Mohr-Coulomb fail-
ure criteria was carried out along with comparison among these
methods. Kinematic analysis is a useful tool for geometric evalu-
ation of slopes and to assess the probability of various kinds of
failures (such as planar, toppling, and wedge failures) based on
unfavorably oriented discontinuities (Rahman et al. 2023). The
petrographic analysis evaluates the mineralogy, grain fabric, and
micro discontinuities of the rocks. This helps to deduce valuable
information on effects of tectonic stresses and diagenetic his-
tory affecting the strength and durability of rocks in the area,
ultimately affecting the stability of slopes (Askaripour et al.
2022). The comprehensive integration of these approaches pro-
vides valuable information regarding Domeshi Landslide failure
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mechanisms enabling informed decision-making and mitigation
strategies.

Study area

The northern regions of Pakistan are highly susceptible to land-
slides (Riaz et al. 2022; Kiani et al. 2022). The increased landslide
activity in the monsoon season suggests that rainfall is a prominent
triggering factor causing over half of the documented landslide
incidents globally (Gariano and Guzzetti 2016). A similar trend
is observed in Pakistan that cause severe damage and loss of life
every year (Shabbir et al. 2023; Khan et al. 2021; Haque et al. 2019).
Pakistan has suffered economic losses of approximately $3.8 bil-
lion from 1999 to 2018 due to the climate change impacts (Eckstein
et al. 2021).

Domeshi Landslide is situated in the village of Domeshi, approx-
imately 10 km south of Muzaffarabad city located along the right
bank of the Jhelum River. Muzaffarabad District itself lies within
the territorial bounds of Azad Jammu & Kashmir (AJ&K), posi-
tioned about 140 km northeast of Islamabad, the capital city of
Pakistan (Fig.1). The Domeshi Landslide is a destructive landslide
which initiated on the 1st of August 2023 and the complete fail-
ure occurred on the 4th of August 2023. The landslide is accessi-
ble through Muzaffarabad-Kohala road via Ambore and Domeshi
bridges (Fig. 1). In 2023, Pakistan experienced significantly height-
ened precipitation levels, particularly in July, marking a notable
deviation from typical rainfall patterns. Throughout the month,
Pakistan encountered 4-5 widespread heavy to very heavy rainfall
episodes, contributing to an overall above-average precipitation
rate of 70% for the country as a whole. This exceptional rainfall
propelled July 2023 to rank as the gth wettest July on record, with
the previous record set at 177.80 mm in 2022. This data underscores
the significant and unprecedented precipitation levels that Pakistan
experienced, particularly in July 2023 (Fig. 2).

Tectonic and geological setting

The study area lies in the southwestern part of the Hazara-Kashmir
Syntaxis (HKS), in the Sub-Himalayan division of the NW Himala-
yas, Pakistan (Fig. 3). The rocks in the area have undergone intense
deformation, especially the western limb of HKS is highly deformed
and truncated by a series of faults, most importantly the Jhelum
Fault (JF) (Ali et al. 2015; Safi et al. 2021). JF is a NS trending left-
lateral strike-slip fault with occasional thrust component, that runs
along the Jhelum River from Muzaffarabad to Kohala (Monalisa
and Khawaja 2004). It separates the Precambrian Hazara Forma-
tion in the west from the Miocene Murree Formation in the east
in an area between Muzaffarabad and Rara and continues south
between the Murree Formation and Mesozoic Rara Formation of
Greco,1989 (Turab 2012). Generally, rock formations ranging from
Precambrian to Recent are exposed in the area (Fig. 3). Specifically
in the study area, the exposed rock formations are the Precambrian
Hazara Formation and Miocene Murree Formation. The Hazara
Formation dominantly consists of slates; however, in the studied
section, it comprises of quartzite, dolomitic limestone, and minor
graphitic phyllites (Fig. 4; Shahzad et al. 2024).

Within the Domeshi Landslide, two different types of quartz-
ite were found in the head and lower parts of the scarp along the
fault. The lower unit consists of very light grey to off-white, fine-
grained and highly fractured quartzite (Fig. 5c) while the upper
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Fig. 1 Geographic representation of the landslide area: a Position of AJ&K within the map of Pakistan. b AJ&K map highlighting the location
of the Domeshi Landslide within District Muzaffarabad. ¢ Aerial photograph depicting the massive Domeshi Landslide triggered in August

2023. Rectangles representing the location of field photographs (Fig. 6) of landslide
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Fig.2 a Average monthly rainfall of Muzaffarbad from 2000 to 2022. b Monthly rainfall data of Muzaffarabad from January to December 2023

showing highest rainfall of 420 mm in the month of July

unit consists of light to dark greenish grey fresh colour with rusty
brown weathered/altered colour at places, dense, medium to
coarse-grained quartzite (Figs. 4 and 5). The dolomitic limestone is
exposed at the crown and top parts of the scarp (Fig. 5b). It is char-
acterized by light to medium grey fresh and light brownish grey
weathered colour, fine to medium grained, thin to medium bed-
ded with alternate horizontal, and wavy microbial algal lamination.
Generally, the Murree Formation is characterized by cyclic deposi-
tion of sandstone, mudstone, and shales. However, at the landslide
location mainly reddish and maroonish clays are exposed with
minor sandstone patches adjacent to the landslide (Fig. 5d; Shaheen
et al. 2023). Along the fault plane within the landslide, the rock units
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are highly crushed and sheared into gouge and brecciated material
within a zone of 1.5 m showing cataclastic deformation.

Material and methods

The study adopts a comprehensive methodology integrating
various field, laboratory, and numerical modeling techniques to
understand the triggering mechanisms and assess the stability of
the affected area for the Domeshi Landslide. Field investigations
comprise of detailed geomorphological mapping facilitated by
unmanned aerial vehicle (UAV) surveys, allowing for the identifi-
cation of key landforms and features indicative of landslide activity.
Strength and stiffness parameters of landslide as well as intact part
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were collected using in-situ testing. Geotechnical data collection
involves the collection and analysis of soil and rock samples within
the landslide zone, providing insights into soil properties and shear
strength parameters crucial for stability assessment. AMT surveys
were used to delineate subsurface geology and structures as well as
the potential failure surfaces of the landslide. FLAC and Slope/W
software were used for FDM and LEM respectively for estimation
of FoS and potential slip surface incorporating field- and labora-
tory-derived geotechnical parameters. Strength reduction FEM
technique was performed using RS2 software. Kinematic analysis
was performed based on discontinuity data from the landslide site
using Dips software.

Field study

The necessary data and sampling for various designed parameters
were collected by conducting multiple field visits to the landslide
site between August 2023 and April 2024. Field investigations entail
detailed geomorphological mapping facilitated by UAV surveys.
Eight soil and four rock samples were collected for detailed labo-
ratory geotechnical analysis. AMT survey was also performed in the
field. For kinematic analysis, a discontinuity survey was performed.
Geomorphological mapping was facilitated using laser distance

\ Landslides

measurement (e.g., RIGEL-LDose) providing precise measurements
of both angles and distances. Longitudinal and cross profiles were
constructed to examine elevation variations along the length and
width of the landslide area.

Geotechnical experimentation

The geotechnical experimentation includes particle size distribu-
tion, consistency limits, laboratory compaction tests, specific grav-
ity, field density, and shear strength parameters for soil and rock.
The particle size analysis was carried out according to the ASTM
D6913/D6913M-17. The soil samples were sieved through a stack
of sieve set progressively finer from top to bottom with a pan at
the bottom. The soil retained on each sieve was then weighed and
a cumulative percentage against each sieve was calculated which
represents the percent finer percentage. The passing and retaining
percentages of the respective sieve sizes were then plotted on the
particle distribution curve to determine the distribution of various
size fractions.

Liquid limit (LL), plastic limit (PL), and plasticity index (PI)
were determined according to the ASTM D-4318. LL of soils passing
through the No. 40 sieve was determined by using the Casagrande
apparatus while the PL test was obtained by rolling the same soil



Fig.5 aPhotogrph showing generalized exposure of various rock units within the landslide. b Thinly bedded fractured algal dolomitic lime-
stone of Precambrian Hazara Formation exposed along the scarp of landslide dipping towards SE. ¢ Fine grained light grey sheared quartzite
of Hazra Formation. d Reddish maroon clays of Miocene Murree Formation exposed in the landslide body and toe side

sample into 3-mm-diameter threads until crack initiation. Later on,
the PI was computed for the tested soils based on the LL and PL.
The transition of soil states from solid to semi-solid, semi-solid to
liquid, and finally solid again greatly influenced by the amount of
water in a soil mix. These limits indicate the soil’s plasticity which
in turn characterizes the movement of landslide material (Mous-
sadek et al. 2017).

Laboratory compaction tests were employed to evaluate the
percent compaction and molding, moisture content required to
achieve the soil’s engineering characteristics, and for the assess-
ment of the moisture density relationship of the varied-sized soil
particles comprising the slope material. The tests were conducted
according to the ASTM Di557-12. In this test, soil samples finer than
the #4 sieve were compacted in 5 layers in a 4-inch diameter mold
with 25 blows of the hammer dropping from a 45 cm height. The
procedure was repeated three to five times for each sample and the
dry density and moisture content values were recorded. Later on,
the maximum dry density (MDD) and optimum moisture content
(OPC) were computed by plotting the dry density and water content
values on the graph.

The evaluation of shear strength of soil and rock materials is
of prime importance for slope stability analysis and suggesting
appropriate mitigations (Tiwari and Ajmera 2023). In situ Schmidt
hammer test was employed to determine the strength parameters
of rock, while a soil penetrometer was used for soil strength deter-
mination. Additionally, in-situ vane shear tests were conducted to
measure the shear strength of clayey soils. In the current study, the
shear strength test of soil has also been performed on the remolded
soil samples according to the ASTM D3080/D3080M (Tiwari and
Ajmera 2011). The direct shear test was performed in a shear box
apparatus by applying vertical stress on the soil sample. The sample

was split into two halves horizontally and then increasing hori-
zontal stress up to the maximum value to generate the horizontal
displacement along the failure plane provided. The shear strength
of rock is the most critical mechanical property obtained through
direct shear box apparatus. After loading the sample in the shear
box, two gauges were attached with the upper half of the split box
to measure the vertical displacement while one gauge was installed
with the lower half of the shear box to measure the horizontal
displacement.

To estimate the in-situ density and degree of compaction of the
soils, the core cutter method is widely used (Farooq et al. 2015) to
confirm the stability and quality of soil layers. The test involves
the extraction of a soil core in a cylindrical cutter in the field, by
embedding the cylinder into the ground and then measuring its
dimensions and calculating its volume. Moreover, the moisture con-
tent is calculated to measure the effect of phase changes.

The specific gravity of the soil solids is a vital property to ascer-
tain the soil phase relationships and extent of saturation while it
also indicates the density of the soil solid particles. The specific
gravity of soils was determined according to ASTM D854. In the
laboratory, the specific gravity was measured through a 250 ml
pycnometer filled with water and 50 g of 4.75 mm soil size at room
temperature.

Geophysical investigations

The AMT survey measures natural electric field measurement and
provides subsurface lithological characteristics and structural fea-
tures, crucial for understanding groundwater accumulation and
potential geological hazards, especially in hilly terrains (Aizawa
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et al. 2009; Huang et al. 2021; Mekkawi et al. 2022; Xu et al. 2020).
The application of the AMT model in the Domeshi Landslide has
yielded valuable insights into the geological structures and dynam-
ics underlying the event. By leveraging the AMT method, we have
been able to enhance our understanding of known fault, such as
the JE and gain deeper insights into their subsurface immersion.
These results will significantly contribute to our knowledge of the
subsurface geological structures prevalent in the area affected by
the landslide. Two geophysical profiles (Profile DD’ and EE’; Fig. 4)
were conducted along the landslide while one profile was conducted
across the landslide (CC’). PQWT TC-500 instrument with an accu-
racy of 0.001 mV having 8 measurement channels was used in the
field.

Petrographic examination

For petrographic examination, three rock samples from quartzite
and 2 rock samples from dolomitic limestone were collected. Thin
sections were prepared, and a polarized Leica DM 750 HD digi-
tal microscope was used for the microtextural and mineralogical
investigations.

Kinematic study

The discontinuities within highly fractured rock masses can predis-
pose slopes to circular or non-circular failures, as documented in
previous studies (Hoek and Bray 1981; Mukherjee and Tayabe 2019).
To assess the impact of these structural features on the stability
of the Domeshi Landslide and anticipate potential failure mecha-
nisms, a kinematic analysis of structural discontinuities was con-
ducted. Field surveys on two sites (Fig. 4) were conducted to gather
data on the orientations of slope-facing directions and the inclina-
tion of various discontinuity sets within the landslide area. The kin-
ematic analyses were performed using Dips Version 7.0 software of
rocscience by employing a stereographic projection technique that
helps to determine the modes of failure. Hoek (2005) and Kliche
(1999) worked on the kinematics and proposed some conditions
for evaluating the planar mode of failure: (a) the failure plane must
strike parallel to the slope face (i.e.+20°); (b) the plane of failure
should be daylight in the slope face, i.e., the dip of the slope should
be steeper than the apparent failure plane dip; and (c) the failure
plane dip should be greater than plane’s friction angle. When two
or more discontinuities intersect at one point, the wedge mode of
failure is likely to happen. Generally, in the wedge failure, the trend
of intersection lines should be within 90° of the dip, whereas the
plunge of the line should be daylight along the slope face which
reveals that the slope dip is greater than the plunge of the line of
intersection (Hoek 2005; Wyllie and Mah 2004).

Numerical modeling

Geotechnical parameters such as soil properties, shear strength,
and groundwater conditions were determined through laboratory
as well as in-situ testing to provide input for numerical modeling.
Three main approaches were employed: FDM using FLAC and LEM
using Slope/W and FEM using RS2 software. FLAC, based on finite
difference theory, was utilized for FDM analysis to simulate the
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behavior of the slope under various loading and boundary condi-
tions. Material properties obtained from laboratory testing were
assigned to zones within the FLAC model, and the model was sub-
jected to gravitational and external forces to assess slope stability.
Iterative analyses were conducted to determine the critical failure
surface and calculate the FoS for the Domeshi Landslide. In par-
allel, Slope/W, based on LEM, was employed for stability analysis
using a predefined failure surface approach. The slope was divided
into discrete slices, and the equilibrium of forces acting on each
slice was evaluated to determine the FoS against failure. Various
methods, such as Bishop, Janbu, Spencer, and Morgenstern-Price,
were applied within Slope/W to calculate the FoS for different
slope geometries and soil conditions. Strength reduction FEM
plane strain analysis has been used with metric units and Gauss-
ian elimination solver. The maximum iteration is 500 for stress
analysis with a tolerance of 0.001. The Mohr-Coulomb criterion is
employed to define the (intact) rock and soil strength character-
istics. Modeling is done in gravity loading with discretization of
six-noded graded triangular finite elements. Slope stability models
have been computed by FEM models before and after the landslide.
The results from FLAC, Slope/W and RS2 analyses were compared
and validated against field observations to assess the stability of
the Domeshi Landslide and identify critical failure mechanisms.

Results and discussion

Field observations and landslide mapping

The Domeshi landslide, triggered after the rainy season of July
2023, represents a progressive catastrophic event that unfolded
over several days. The landslide’s progression from its initial phase
on August 1, 2023, to complete failure on August 4, 2023, caused
widespread devastation across the affected area (Fig. 6g, h; Sup-
plementary Fig. S1). Dozens of residential buildings, paved road,
agricultural land, and trees were lost and posed significant chal-
lenges for the affected community (Fig. 6). The observation of
various cracks in nearby houses provides further evidence of the
widespread impact of the Domeshi Landslide on the surrounding
infrastructure and communities (Fig. 6a, i). These cracks serve as
visible indicators of the significant ground movement and deforma-
tion associated with the landslide event.

The landslide exhibited a NW to SE direction, with the Jhelum
River flowing from the toe of the landslide (Fig. 1c). Both the failure
face and rocks dip towards the SE direction (Fig. 4). The landslide
extended over a total length of 500 m, with the width varying from
218 m along the road to approximately 100 m in the toe area (Fig. 7).
The detailed field observations indicate a complex type failure with
three distinct movement types: (a) translational movement from
main scarp to the about 150 m downslope, occurring within rock
units of dolomitic limestone and quartzite (Fig. 6c); (b) rotational
movement from 150 to 300 m, largely occurring within the clays of
Murree Formation; (c) flow type movement below 300 m down to
the riverbank (Fig. 7a). Numerous cracks, some spanning several
meters, were observed within the landslide area (Fig. 6e, i). Addi-
tionally, springs and seepages were noted, suggesting groundwater
influence in landslide dynamics (Fig. 6d). The presence of the active
JF traversing the landslide body was identified, indicating potential
tectonic activity contributing to slope instability (Fig. 6b). The JF
was visibly delineated between the Murree Formation and Hazara



Fig.6 Landslide features (location of photographs are shown in Fig. 1) observed in the field: a Cracks in the house adjacent to the left flank of
landslide. b Jhelum Fault is clearly seen between maroon clays of Murree Formation and breactiated quartzite of Hazara Formation. ¢ Land-
slide scarp and fresh exposure of dolomitic limestone. d New spring originated after landslide within the landslide body. e Multiple cracks
were observed in the landslide body; yellow circle is for scale. f Flow like movement in the lower part of the landslide. g Condition of building
in the 1st phase of landslide on 02-08-2023. h Complete collapse of the same building in the 2nd phase of landslide at 04—-08-2023. i Right
flank of the landslide: multiple cracks can be clearly seen; encircled houses have multiple fractures in the walls and basement and are at risk

Formation along the flanks of the landslide. Brecciated and gouged
materials were observed along the fault plane, indicating past fault
activity. Murree Formation clays, characterized by their maroon
color and high plasticity, were prominently exposed on the land-
slide (Fig. 6f). The estimated slip surface of the landslide varied,
reaching up to 25 m in certain sections.

The Domeshi Landslide exhibits varying slope angles along its
profile, contributing to its dynamic behavior and susceptibility to
failure (Fig. 7a). With a total height of 240 m, the slope angle varies
significantly across different sections of the landslide. The slope
angle exceeds 60° in the topmost part of the landslide, indicating
steep terrain and heightened instability (Fig. 7a). The slope angle
reduces to approximately 25-30° at the middle part of the landslide,
reflecting relatively gentler terrain (Fig. 7a). However, at the lower
part of the landslide, the slope angle increases sharply to around
55° indicating a return to steeper terrain and potentially increased
susceptibility to sliding (Fig. 6f; 7a). The average slope angle of the
entire landslide is calculated to be more than 45°, highlighting the
overall steepness of the slope and its predisposition to mass move-
ment. Such steep slopes are inherently prone to instability, espe-
cially when combined with factors such as geological weaknesses,

intense rainfall, and tectonic activity (Soeters and Van Westen
1996). The variation in slope angles within the landslide suggests
a complex failure mechanism involving multiple factors, including
topographic variations, material properties, and structural con-
trols. Historical Google Earth imagery depicted minor fractures
and scarps preceding the complete failure, with subsequent images
revealing the widening of fractures post-2021, likely influenced by
seismic events and intensified rainfall due to climatic conditions
(Supplementary Fig. S2).

Geophysical analysis

The AMT survey depicts the subsurface image of rocks and their
structures by inferring the total variations in their electric and
magnetic fields (Khan et al. 2024). A total of three AMT profiles
were acquired. The NNE-SSW profile C-C’ (Fig. 4) reveals the
distribution of unconsolidated material, primarily clays of the
Murree Formation, up to a depth of 30 m (Fig. 8). There are no
discernible horizontal or vertical discontinuities observed within
this depth range. Beyond 30 m, hard and intact rocks, such as
sandstone of the Murree Formation, dominate the subsurface,
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depth of 107 m. b Iso-anomaly contour map of AMT data (Profile 1: C-C') up to the depth of 312 m

extending to a depth of 107 m (Fig. 8a). Notably, the absence of
significant fractures or discontinuities up to a depth of 150 m
suggests relative stability within this portion of the subsurface.
The distribution of the electric field of rocks from the surface
to the depth of 312 m along profile C-C’ is shown in Fig. 8b. In
SE-NW profile D-D’ (Fig. 4), the distribution of the electric field
indicates the presence of unconsolidated material from the sur-
face to a depth of 25 m, with electric field values ranging from
0.001 to 0.01 mV. Beyond 25 m, hard and intact rocks domi-
nate, extending to a depth of 107 m indicating the presence of

consolidated strata within this depth range. These rocks likely
exhibit higher electrical resistivity compared to the surround-
ing materials, reflecting their consolidated and impermeable
nature. Several fractures were observed at points 12, 16, 38, and
54, exhibiting varying depths and are likely indicative of struc-
tural weaknesses within the subsurface (Fig. 9a). These fractures
were also observed on surface during the field. Figure 9b illus-
trates the distribution of electric field values from the shallow
surface to a depth of 312 m along profile D-D’. The electric field
values range from 0.001 to 0.9 mV across the profile, indicating
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Fig.9 Geophysical survey profiles (location of profile can be seen in Fig. 4). aIso-anomaly contour map of AMT data (Profile 2: D-D’) up to the
depth of 107 m. b Iso-anomaly contour map of AMT data (Profile 2: D-D’) up to the depth of 312 m

variations in subsurface lithological properties and structural
features. Notably, a deep fracture is observed at point 38, located
79 m from the initial marked point on the ground surface. This
fracture extends beyond a depth of 300 m and is hypothesized to
coincide with the JF, given its proximity to the fault line (Fig. gb).
Fractures associated with major fault lines like the JF can serve
as conduits for groundwater flow and may influence the stability
of surrounding geological formations. The NW-SE profile E-F’
(Fig. 4) further highlights the presence of vertical fractures at
specific points, such as points 6 and 31, extending up to a depth

\ Landslides

of 250 m (Fig. 10). Additionally, profile E-E’ depicts hard rocks
distributed from 130 to 250 m in the subsurface, suggesting the
presence of stable geological formations within this depth range.
Figure 10a shows the distribution of the electric field of rocks
from a shallow surface to the depth of 107 m along profile E-E’.
The electric field ranges from 0.001 to 0.04 mV throughout the
profile. The vertical fractures are present at point 6 (which is 15 m
on the ground from the initial point) and point 31 (which is 65 m
on the ground from the initial marked point) up to a depth of
250 m in the subsurface (Fig. 10).
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depth of 107 m. b Iso-anomaly contour map of AMT data (Profile 3: E-E') up to the depth of 312 m

Overall, the AMT results provide valuable insights into the
subsurface lithological variations and structural character-
istics, aiding in the assessment of potential slip surface and
structural discontinuities. The results indicate that Domeshi
Landside is a fault-controlled landslide, characterized by
unconsolidated material on the top layer along with several
deep fractures destabilizing the slope and making it prone
to failure after heavy rainfall. These findings are comparable
with the findings of Wang et al. (2022) that investigated the
2021 fault-controlled Chengtian landslide in China triggered
by rainfall.

Geotechnical experimentation

The grain size distribution has a significant impact on landslide
occurrence and movement (Yalcin 2011). The mechanical sieve
analysis provides the soil grain structure along with its size,
shape, and distribution, whereas the packing of grains holds the
soil structure. Three major soil fractions, i.e., fines (silt and clays),
sands, and gravels (non-cohesive), have been observed through
grain size distribution analysis in the soil samples from Domeshi
Landslide (Fig. 11a). The grain shape analysis shows a variation of
angular to rounded particles in varying proportions throughout the
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landslide body. The results indicate an overall dominancy of sand
fraction while the clay fraction dominates the samples along the
fault zone (Fig. 11a). The dominancy of the sand fraction supports
the higher infiltration through the slope material thereby causing
an increase in pore water pressure. These results are in line with
Khan et al. (2021) who investigated the rainfall-triggered Danna-
Sahotar Landslide in the southeast of Muzaffarabad. According to
Mukasa-Tebandeke et al. (2015), soils with a higher content of clays
expand during wetting and drying conditions. The dominancy of
clay fractions along the fault is aligned with the results of Kitutu
et al. (2009) who worked on the slope of Mount Elgon and con-
cluded that landslide occurrence is due to the abundance of clay
size materials along the slopes. Moreover, the present study is con-
sistent with other studies concluding that the higher clay content
greatly influences landslide triggering (Wang et al. 2020; Mugagga
et al. 2012; Knapen, et al. 2006; Wati et al. 2010).

\ Landslides

The moisture content determination is a key indicator to evalu-
ate the soil engineering properties and their behavior to determine
its deformation or failure criteria specifically for slopes containing
soil material (Ma et al. 2023). The transitions from solid to semi-
solid and then to plastic state reveal that the failure planes consist
of soils that may contribute to the landslide-triggering mechanism
during heavy rainfalls (Askarinejad et al. 2018). The values of natu-
ral moisture content range from 14.4 to 18.7%, LL ranges from 22
to 48%, PL ranges from 14 to 28%, while PI ranges from 6 to 27. The
results indicate that most of the samples possess zero shrink-swell
potential except the soil samples DLS-7 and DLS-8 which possess
higher PI (Table 1). The soil samples DLS-1 to DLS-6 are non-plastic
to low-plastic soils, therefore these soils are inelastic which sug-
gests that these soils would not regain their total initial volume
while loading (Table 1; Fig. 11b). In contrast to the findings of Khan
et al. (2021), the soils in the Domeshi Landslide are more plastic,



Table 1 Engineering properties of soil samples of Domeshi landslide

Sample ID In-situbulk Moisture Specific gravity LL% PL% PI% OMC MDD g/cc CohesionkPa Angle of

density g/ content % % Internal frac-

cm? tion ¢
DLS-1 1.942 14.4 1.55 34 26 8 84 24 15.78 19.96 CL
DLS-2 1.408 15.7 1.62 30 18 12 9.1 1.8 CL
DLS-3 1.47 22 14 8 ML
DLS-4 1.44 23 15 8 ML
DLS-5 1.393 154 1.65 34 28 6 108 1.78 11.84 20.88 ML—CL
DLS-6 1.64 27 14 13 CL
DLS-7 2.547 18.7 1.79 48 21 27 119 299 16.4 18.00 CL—CH
DLS-8 1.77 44 17 27 CL—CH

specifically along the fault line. Moreover, this analysis also indi-
cates that the excessive moisture content along with other factors
can interfere with the consistency behaviors. The analysis has led
to considering the PI as an influential parameter with respect to the
soil water retention properties and swelling characteristics along
the slip surface (El Jazouli et al. 2022). It is significant, however,
that the slope failure in the study area corresponds to the monsoon
rainfall distribution during July 2023 (Fig. 2b).

The moisture density relationship of the soils is obtained
through the Proctor test which indicates the degree of compac-
tion for varying sized soil particles. Results of the Proctor test
show the values of OMC vary from 8.4 to 11.9% and MDD varies
from 1.8 to 2.99 g/cc (Table 1; Fig. 11c). The results indicate that
the loose soils possess porous structures in the natural state;
therefore, these soils are compressible. The varying size soils can
be compacted to enhance their engineering characteristics and
behavior under vibrations and loading. This compaction effort
can be helpful to improve the soil’s shear resistance, bearing
capacity, and stability to enhance factor of safety and density of
soil. Based on the test results, the soil samples DLS-1, DLS-2, and
DLS-3 require maximum compaction effort as these soils are in
aloose state, whereas DLS-7 requires less compaction efforts due
to their cohesive nature (Fig. 11c; Table 1). The specific gravity is
an index property which reflects the mineralogical composition
and indicates the ratio of the void spaces of the soils (Oyediran
and Durojaiye 2011). The specific gravity values of all the sam-
ples collected range from 1.44 to 1.79, with an average value of
1.61 (Table 1).

The shear parameters, i.e., cohesion and angle of internal fric-
tion show the ultimate resistance to the applied stress. The cohesion
and angle of internal friction values range from 11.84 to 16.40 kPa
and from 18° to 20.88° respectively (Table 1). Higher friction angles
indicate the relatively sandy soils while higher cohesion represents
the clayey soils. The minimum cohesion values of the soil samples
can be considered as the critical equilibrium state throughout the
slope materials except for the soil samples collected from the fault
zone. This implies that the failure occurs when the slope material
is saturated. Moreover, the shear parameters analysis revealed that
low angle of internal friction values possess high vulnerability to

slope failure. The results of the direct shear test on rock samples
are presented in Table 2. The average values of frictional angle,
cohesion, and unit weight of dolomitic limestone are 74°, 215 kPa,
and 28.06 kN/m? while those of quartzite are 38.59°, 350 kPa, and
29.74 kKN/m?® respectively. The influence of stresses in context with
the mode of failure is calculated through these tests. Moreover,
shear parameters were also drawn to verify the slope stability
analysis of this slide. The rock samples were tested under varying
confining pressures. The degree of fracturing initiated during the
test can also be a critical parameter to characterize the impacts of
confining pressures, i.e., crack density is inversely proportional to
the applied confining pressures (Li et al. 2017). Various components
influence the shear parameters of the rock discontinuities which
include joint size, aperture, strength, weathering, in-situ stresses,
and filling material (Barton and Choubey 1977; Liu et al. 2017).

In the quartzite rock samples, the cracks were observed nearly
parallel to the specimen axis depicting a brittle behavior which
splits the quartzite sample along the pre-defined quartz veins
(Fig. 12 sample A, B). The shear and varied modes of failure were
observed in the dolomitic limestone as these samples exhibited
traces of tensional cracks which represent that dolomitic limestone
is influenced by the combination of tension and shear deformation
against the confining pressures of o to 10 MPa and 15 MPa (Fig. 12
sample C, D). Moreover, the post-depositional features like micro-
fractures (Fig. 12a sample C), can be seen in the sample before
testing and major failure planes following these attributes can be
observed after testing the sample (Fig. 12b sample C).

Petrographic analysis

Two rock units namely quartzite and dolomitic limestone
exposed at the Domeshi Landslide have been studied for pet-
rographic characteristics. Petrographically, the quartzite mainly
comprises of quartz (>97%) with minor feldspar followed by
mica and traces of tourmaline. The quartz grains are medium
to coarse-grained, mainly elongated, occasionally subangular
to surrounded, undulatory and non-undulatory. The quartz
grains mainly show the suturing, concavo-convex and planar
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Table2 Mohr-Coulomb constitutive model properties of Domeshi Landslide obtained through laboratory and in-situ tests using for slope
stability analysis

Slope stability model parameters

Unit Peak cohe- Peak angle Peak tensile Residual Residual Young’s Poisson’s
weight sion (kPa) of friction  strength cohesion angle of modulus ratio
(KN/m?3) °) (MPa) (kPa) friction (°) (MPa)
Intact Clays 17.3 17 19 0.0036 12.75 15.2 22 0.27
Dolomitic 28.064 215 74 3.75 161.25 59.2 63 0.26
limestone
Quartzite 29.748 350 38.59 5.38 262.5 30.82 72 0.12
Landslide Clays 15.5 15.80 24 0.0028 11.85 19.2 17 0.21
Portion  polomitic 27973 208 77 3.20 156 616 56 0.23
limestone
Quartzite 28.575 342 41.20 5.15 256.5 32.96 68 0.10

Fig. 12 Examples of common failure modes observed in (A-B) hard brittle quartzite and (C-D) dolomitic limestone under triaxial compression
(a) before and (b) after testing photographs (core specimens are ~54 mm in diameter); (A) Brittle failure along a pre-existing discontinuity in
quartzite unit (B) Brittle shear failure along the intact rock and pre-existing discontinuities in quartzite unit; (C) Intact-axial failure in dolomitic
limestone; (D) Axial mode of failure along pre-existing discontinuities and intact rock in dolomitic limestone

contacts among the grains. Diagenetic features like pressure chlorite matrix-filled intergranular spaces were also observed.
solution seams, i.e., stylolites, and open and microcrystal- Intergranular and intragranular tectonic fractures were also
line quartz-filled fractures were common while occasionally observed which show intense deformation (Fig. 13d-i). The
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Fig. 13 Photomicrograph showing a finely crystalline dolomite with multiple sets of fractures and calcite veins; b algal laminated dolomitic
limestone with stylolites, scattered quartz, and pyrite; ¢ dolomite with cross cutting stylolites and calcite filled fractures; d medium grained
quartzite with non-undulose and undulose quartz; e coarse grained quartzite with undulose quartz grains having different intergranular con-
tacts; f quartzite with elongated quartz grains and tectonic stylolite seams; g quartzite with inter and intra-granular fractures; h quartzite with
chlorite scattered within intra-granular quartz grains; i moderately sorted quartz with pressure solution seams (a—i 4X; a-f XL, g-i PPL)

dolomitic limestone dominantly consists of micrite (95%) with
minor microcrystalline dolomite scattered on the micrite matrix.
The dolomite mainly consists of dolomite interlayered with lime-
stone and the occasional presence of detrital quartz grains on
a centimeter to millimeter scale. The dolomite is fine-grained
with subhedral dolomite crystals, and minor diagenetic pyrite
with horizontal to wavy thinly laminated algal mates. Diagenetic
features like stylolites and calcite-filled fractures were observed
in cross-cutting relationships. The rock unit is devoid of any fos-
sils (Fig. 13a-c). The textural and microstructural properties in
quartzites can reveal various deformation processes and condi-
tions responsible for their formation (Wilson et al. 2022). Accord-
ing to Stipp et al. (2010), quartz grains can be recrystallized to
larger sizes with an increase in temperature and a decrease in
strain rate. Hence, this phenomenon can be used to determine the
paleo-stresses responsible for the natural deformation of rocks
(Behr and Platt 2011). The undulatory quartz is also an indication
of superplasticity resulting in deformation bands and lamellae

under intense stresses (Blenkinsop 2007). Similarly, the behavior
of carbonate rocks under natural stresses has important implica-
tions for dynamic processes of fault zone formation and slope
stability (Lisabeth and Zhu 2015; Li et al. 2018).

The primary and secondary structures in studied carbonates
such as fractures, calcite-filled veins, and stylolites are considered
to reduce the strength of rock units against prevailing stresses. The
primary (depositional) and secondary (tectonic) inter- and intra-
granular fractures, stylolites, and mineralogical alterations indicate
that the rock formations are subjected to intense deformation. This
understandably correlates with the megascopic features as well as
the tectonic and structural settings of the area (Srivastava et al.
2016). These rock units are exposed along the JF running through
the head of the Domeshi Landslide under discussion. Hence, it can
be concluded that the active deformation along this fault has con-
siderably reduced the strength and durability of rock units and
made them vulnerable to failure under coupled geological and
hydrometeorological factors.
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Kinematic analysis

In the current study, the kinematic analyses were performed
on the discontinuity data collected from the two sites (Fig. 4).
The rock mass is highly jointed and sheared with various
joint sets found along the scarp. The planar and wedge failure
modes of the rocks along the landslide scarp are common due
to the steeply dipping discontinuities (Fig. 14). Moreover, the
discontinuities mostly dip parallel to the slope face; therefore,
the planar mode of failure is mostly abundant along this land-
slide (Fig. 14a-c). The J, joint set is mainly responsible for the
planar failure along this slope, whereas J, and J intersections
contributed to the wedge failures at site 1 (Fig. 14a, b); whereas

at site 2, ], and J are responsible for the planar failure while the
intersection of J, and J, as well as J, and Jy, are posing threat
to the wedge failure along the scarp of the Domeshi Land-
slide (Fig. 14¢c, d). The current results align with the findings
of Hamasur, (2022) who worked on the kinematic analysis and
Q-slope assessment of rock slopes in Iraq and concluded that
planar and wedge-type modes of failures are mainly responsible
for the slope failures. According to Sharma et al. (2019), disconti-
nuity patterns strongly influence the rock slope instability along
the road cuts. Hence, it can also be concluded that the disconti-
nuities of rock units exposed along the scarp and on the flanks
of the landslide are dipping towards the slope face, which has
the potential of further slope failure.

Slope Face

JR1
]Crmcal Zone of Wedge sliding

1
AN -3

N

Fig. 14 Stereographic projections of the discontinuity data sets of Domeshi Landslide rock units exposed along the scarp. a Planar mode of
failure along joint set 1 and b Wedge mode of failure along the intersection of joint sets 2 and random joint set (JR) and along the intersection
of joint set 3 and random joint set (JR) ¢ Planar mode of failure along joint set 1 as well as along random joint set (JR1) and d Wedge mode of
failure along the intersection of joint sets 2 and random joint set (JR1) and along the intersection of joint set 1 and joint set 2
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Slope stability analysis

The slope failures primarily occur due to increased shear stresses
or decreased shear strength of the slope material. A comprehen-
sive slope stability analysis therefore encompasses the evaluation of
geological and geomorphological factors, material properties, and
shear strength parameters. FEM, LEM, and FDM were employed
for slope stability analysis at the Domeshi Landslide. The input
parameters for slope stability analysis have been obtained via
in-situ and laboratory experimentation and results are presented
in Table 2. The boundary and geometry conditions were kept the
same as those in Fig. 7a. FLAC uses mass density, whereas Slope/W
uses unit weight in the material properties along with cohesion
and angle of internal friction. The FoS for the Domeshi landslide
calculated through FDM is 0.56, while through LEM including Ordi-
nary, Bishop, Janbu, Spencer, and Morgenstern-Price methods are
0.811,0.838, 0.810, 0.837, and 0.88, respectively (Fig. 15; Table 3). The
comparative analysis of FoS and SRF depict that FoS is less than 1
which suggests that the slope is unstable (Table 3). Variation in the
FoS$ indicates that the FLAC slope provides minimum FoS (0.56;

Fig. 15f) as compared to LEM because the material deformation is
considered in FLAC numerical simulation but not in LEM. These
results are in accordance with Soren et al. (2014) and Wang et al.
(2013). Similarly, small variations in the FoS among the different
LEM methods are in accordance with the study conducted by Khan
et al. (2021). The critical slip surface is visible in all the employed
methods which reveals that the lower part of the Domeshi Land-
slide has a potential for future failure.

Strength reduction FEM

Both pre and post landslide models are computed for Domeshi
Landslide using SSR-based FEM (Figs. 16 and 17). The failure planes
as determined by the RS2 program follow partly fault surfaces and
partly pass through intact rock mass. The total displacement and
the maximum shear strain contours provide a potential shear fail-
ure surface. The shear strain contours by Mohr-Coulomb criteria
of each slope were shown in Figs. 16a and 17a. The critical SRF
for pre-event and post event conditions are 1.15 and 0.44 respec-
tively (Table 3). Failure surfaces are almost similar in shape when
comparing with LEM and FDM analysis results (Figs. 15 and 17).
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Table 3 Comparison of FoS and SRF obtained through different methods

LEM FoS FDM Fo$S
Ordi- Bishop method Janbu method Spencer Morgenstern- Critical SRF  Maximum total
nary method Price method displacement
method (m)

Pre-event = = = = = = 1.15 222

Post-event 0.811 0.838 0.810 0.837 0.88 0.56 0.44 561

Furthermore, the total displacement of rock and soil can be derived
from these input data with FEM. The critical failure surface and
shear strain at the time of failure is illustrated in Figs. 16 and 17.
Regions of high shear strain would represent the pathway where
failure would most likely occur within such a modeled rock mass.
The maximum shear strain on the critical failure surface for pre-
and post-event is 0.458 and 2.85 respectively (Figs.16a and 17a). The
maximum total displacement in pre-event and post-event is found to
be 2.22 m (Fig. 16b) and 5.61 m (Fig. 17b), respectively. It is observed
that the failure surface and its location as estimated using numerical
approach also matches with field observations (Fig. 7a). In the field,
many tension cracks were observed indicating possible future slope
failures. The analysis of pre-event result revealed SRF is >1 in static
conditions which failed after heavy rainfall in July 2023. Addition-
ally, the geometry of the slope and orientation of fault likely has a
greater role in destabilizing this area. The post-event model result
also shows that the lower section of landslide remains unstable due
to high slope angle with SRF <1 (Fig. 17b). This is consistent with
the results of FDM and LEM as well as field observations. The rock
units exposed along the landslide site possess anisotropic behavior,
therefore, the stress strain behavior is also varied. Along the scarp,
the dolomitic limestone and quartzite are controlled mainly through
the structural discontinuities especially along the parallel dip-slope
and slope face orientations. Moreover, the presence of JF which runs
across the landslide body also contributed to the failure mechanism
and anisotropic behaviors of the slope material. The geomechanical
and geotechnical parameters of the materials are also influenced
by these structural elements in proximity. The strength results of
rock units indicate that the quartzite units have medium to high
strength while the dolomitic limestone indicates the low to medium
strength along the rock slope. The highly plastic nature of clays leads
to the reduction of shear strength when water infiltrates through
these clays. This strength reduction is due to the increasing pore
water pressure, soil suction, and increasing soil unit weight. Like-
wise, the shallow ground water table also contributed to the failure
mechanism as two springs and a drainage along the right flank of
the landslide were observed during field investigations. The rise in
pore water pressure may initiate the stress reduction factor which
lead to the failure of slope.

Failure mechanism of the landslide
The integrated analysis, numerical simulation, and field inves-

tigation led to a conceptual model for the landslide mechanism
shown in Fig. 18. The activation and the failure of this landslide
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took place in four stages which are in line with the investigations
of Sun et al. (2022) who investigated the rainfall triggered landslide
triggered in July 2016 in China. The pre-existing conditions of the
Domeshi Landslide were initially identified by headscarves that
resulted in cracks, many shown on historical Google Earth images
(Supplementary Fig. S2). There was no sign of a landslide scarp
in 2002. However, by 2009, a scarp and tension cracks had devel-
oped, likely due to a significant 7.6 Mw earthquake in 2005, with its
epicenter located just 30 km northeast of the landslide site. This
earthquake triggered numerous landslides in the region. Due to
shaking of earthquake, the geological material gradually deformed,
and a series of tension cracks formed on the crest of the slope. In
the subsequent years, particularly noted in the 2010 image, some
cultivation of the land began. Road construction inside the land-
slide body in 2019 also destabilized the slope. In the second stage,
the main scarp is developed as shown in historic image of 2021
indicating the development of slip surface. This progression per-
sisted into 2022 and 2023, as the main scarp deepened while cracks
on its crest lengthened. There was an extreme rainfall of 420 mm
in July 2023, which led to the development of cracks in buildings,
roads, and the ground, resulting in the collapse of roads, build-
ings, and other infrastructure. This is the third stage of landslide
failure mechanism. On August 1, the upper part of the landslide
fully collapsed, while the lower part remained intact. This suggests
that water percolation through fractures and fault planes led to an
increased pore water pressure, ultimately causing the failure of the
upper part. During the final stage (4th of August), the lower part of
the landslide material moved like a flow due to the pushing effect
of landslide material. Landslide triggering and causative factors are
described in detail according to field investigation and deformation
failure analyses as follows:

1. Anthropogenic activities: Human activities played a significant
role in conditioning the landslide (Quevedo et al. 2023). Con-
struction of buildings and road within the Domeshi Landslide
disrupted natural drainage patterns and added weight to the
slope. The drainage systems in the landslide area and springs
allowed water infiltration to greater extent, which influenced
negatively on slope stability. Additionally, agricultural activi-
ties, including cultivation, disturbed the soil and vegetation
cover, reducing the slope’s natural resistance to erosion and
instability.

2. Material heterogeneity: The landslide site has three types of
rocks including dolomitic limestone, quartzite, and clay. The
strength and weathering of these rock units varied greatly. The
2005 Kashmir earthquake significantly weakened these rocks,
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Fig. 18 Landslide conceptual model depicting landslide failure mechanism (adopted and modified from Sun et al. 2022)

particularly the dolomitic limestone and quartzite, making
them more susceptible to failure (Riaz et al. 2023). The hetero-
geneous nature of the rock material contributed to the differ-
ential movement and internal deformation within the landslide
mass (Willenberg et al. 2008).

3. Unfavorable geological structure: The geological configuration
of the area also contributed to the slope failure (Aydan et al.
2009). The active JF cuting across the body of landslide had
accelerated and intensified rock mass weakening. Field obser-
vations and petrographic examination showed microstructural
features displaying pronounced shear forces affecting original
rocks integrity. Such movement was facilitated by the orienta-
tion of bedding planes in rocks towards direction of landslide
failure. Moreover, the presence of cracks and fractures in the
rock mass allowed for the easy infiltration of rainwater, leading
to increased porewater pressure and reduced shear strength.

4. Rainfall: The primary triggering factor for the Domeshi Land-
slide was the intense and prolonged rainfall experienced in July
2023. Rainfall data indicated that the area received 420 mm of
rainfall, significantly higher than in the same period of previ-
ous years. This high amount of rainfall caused water to seep
into the slope, enhancing saturation of the rock mass and
increasing porewater pressure within landslide. The elevated
pore pressure increased the effective stress in the rock mass,
leading to a decrease in shear strength. The rock-water interac-

tion further deteriorated the shear strength of the rock mass,
ultimately causing the slope to fail. The combination of large
amounts of accumulated rainfall and high rainfall intensity
were the most critical factors in triggering the landslide.

Lesson learnt

The comprehensive analyses of the Domeshi Landslide reveals a
strong correlation between the strength and stiffness parameters of
the soil and rock layers and the results from geotechnical and geo-
physical testing. The AMT survey identified the subsurface distri-
bution of unconsolidated clays and deep consolidated rocks. These
findings align with the mechanical sieve analysis, which showed
a predominance of sand fractions contributing to increased infil-
tration and porewater pressure, and higher PI values along fault
zone highlighting the role of clay content in soil weakening. The
Proctor test further indicated that loose soils require significant
compaction, correlating with their lower strength and higher com-
pressibility. Direct shear test on rock samples demonstrated distinct
fracture patterns under stress, with dolomitic limestone showing
combined tension and shear deformation, and quartzite exhibit-
ing brittle failure along quartz veins. The slope stability analysis,
supported by these geotechnical parameters, consistently showed
instability with a FoS less than 1, corroborating the geophysical
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survey’s identification of deep fractures and fault lines, such as the
JE as critical factors in the slope’s destabilization.

The detailed study of landside is important in an area where
the material heterogeneity and the complex geologic structure
are associated with driving mechanism of large-scale landslides
(LaHusen and Grant 2024). Understanding this progression pro-
vides a unique opportunity to explore how triggering events such
as extreme rainfall interact with pre-existing conditions to cause
slope failure. This includes analyzing historical data such as satellite
imagery from Google Earth, which showed past signs of instabil-
ity including cracks and minor scarps that are key early warning
signs for landslides. Due to 2005 Kashmir earthquake rock units
are significantly decreased in strength. Detailed field observations
and petrographic studies identified microstructural weaknesses, as
well as illustrating the ways that geological structures such as fault
or bedding planes influence slope stability. Furthermore, the case
study underscored the importance of understanding hydrological
factors, particularly how water infiltration and increased porewater
pressure contribute to landslide activation. Several mitigation steps
may be suggested to prevent landslides of the same nature. Better
land use planning is necessary; buildings and agricultural activi-
ties need to be minimized in high-risk areas so that slopes are not
disturbed further. Adherence to zoning regulations is important
for slope stability. It is important to create and maintain dynamic
rainfall-triggered landslide susceptibility maps. The maps can be
used to inform land use planning and emergency response prepa-
ration. Empirical and physical based rainfall thresholds in relation
to past observed events is necessary for the area affected by severe
climatic conditions. In the area with poor network of rain gauges,
a robust network of such gauges should be developed to track rain-
fall precisely in real time. Pairing such a network with an early
warning system could alert communities and governments in time
for them to take action.

Conclusions

The multi-faceted approach encompassing the geological,
geomorphological, geotechnical, geophysical, and numerical
methods has provided valuable insight into the fault-controlled
Domeshi Landslide. Field investigations and petrographic
analysis of rock units in the landslide demonstrate the intense
deformation. Geomorphological analysis reveals that landslide
has three distinct modes of failure including translational, rota-
tional, and flow-like movement. The laboratory analysis reveals
that high plasticity clays along fault planes played a crucial role
in promoting significant volume changes, especially during and
after rainfall events. A geophysical survey identified a layer of
unconsolidated material up to the depth of 25 m, while multiple
fractures including JF to a depth of 300 m highlighting the poten-
tial for deep-seated failure. The bedding joints were identified
as the predominant failure planes oriented parallel to slope face.
Kinematic analysis indicated planar and wedge types of failures
with persistent failure potential in the future. Numerical mod-
elling using LEM, FDM, and LEM revealed FoS <1 highlighting
that the slope is vulnerable to failure in the lower part of the
landslide which can potentially originate a cascading geohazard
in the form of a landslide dam. Our results highlight that rainfall
is the main triggering factor of the landslide besides prevailing
slope instability conditions as well as the presence of JF within
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the landslide body, making it an ideal example of fault fault-con-
trolled, rainfall-triggered complex landslide. The findings of the
current study provide a comprehensive framework for landslide
hazard evaluation for similar types of case studies in the region.
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