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Abstract

The present research study aims to create accurate and comprehensive inventory mapping while investigating the geomor-
phological and geotechnical characteristics of the large, deep-seated, and damaging El Kherba landslide triggered by the
August 7,2020 (Mw 4.9) Mila earthquake. The methodology relies on the analysis of results obtained through detailed field
investigations, satellite image interpretation, deep boreholes equipped with piezometers, laboratory tests, in situ tests, and
numerical simulations. The resulting landslide inventory map reveals a significant earth slide with an active zone covering
a surface area of 1.565 km?, extending approximately 2,166 km in length, with a width ranging from 40 m to 1.80 km, and
a volume of 25,784,909 m*. Geomorphological field mapping results revealed a large and deep-seated morphological defor-
mation related to: (i) the weak mechanical resistance and low stability slopes that the seismic strengths caused a reduction
in the shear strength of the soil; (ii) Miocene clays, highly altered and potentially subject to shrinkage and swelling; (iii)
a partial reactivation of a previously existing large landslide; (iv) human activity such as slope excavation and unplanned
urbanization; and (v) topographical and lithological site effects. The results of geological and hydrogeological investigations
indicated the presence of: (i) thin and thick weak-resistance interlayers of altered and plastic clays with weak resistance,
which may constitute shear surfaces; (ii) a shallow aquifer that impacted the mechanical resistance characteristics. Laboratory
tests revealed that the fine clay in the soil was highly weathered, with a low dry density and a high moisture content, along
with a high saturation and plasticity, making it very sensitive to the presence of water. Undrained triaxial cyclic loading tests
indicated a high potential for the generation of excess pore-water pressures in the material during seismic loading. The direct
shear test showed that the disturbed soils had an average cohesion of 33.4 kPa/m? and an internal friction angle of 18.21°,
indicating poor structural and shearing strength. The results of the oedometer test indicated that the soils are compressible
to highly compressible, overconsolidated, and have the potential for swelling. According to the Manard pressuremeter test
(MPT) and available empirical relationships, the landslide exhibited a deep-seated nature, with sliding surfaces located
along weak geotechnical characteristics interlayers at a depth ranging between 10 and 40 m. The depths of failure obtained
from the MPT were consistent with those determined by the empirical relationships available in the literature and numerical
simulations. This comprehensive research provides valuable data on earthquake-induced landslide and can serve as a guide
for the prevention and mitigation of landslide risks.
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Introduction

Northern Algeria, located along the convergent plate bound-
aries between the African tectonic and Eurasian plates, is
04 Hamid Bourenane prone to frequent earthquakes and significant induced haz-
b.hamid @hotmail.com ards. Earthquake-induced landslides, often associated with
L . L . moderate-to-high magnitudes, pose a severe threat to both
Seismic Microzonation Research Division, National . .
Earthquake Engineering Research Center (CGS), 1 Rue human lives and property (Benouar 1994; Guemache et al.
Kaddour Rahim, Hussein Dey, Alger, Algeria 2009; Bouhadad et al. 2010; Hadji et al. 2013; Bourenane
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et al. 2014, 2016, Amar et al. 2021; Tebbouche et al. 2022).
They are common and highly destructive, causing substan-
tial economic losses every year and acting as a significant
hindrance to the urban development and planning of numer-
ous urban areas located in close proximity to the epicentral
zones (Bouhadad et al. 2010; Amar et al. 2021; Bourenane
et al. 2016; Bourenane et al. 2021; Bourenane et al. 2022;
Bourenane 2023). Currently, the impact of landslides is
increasing dramatically due to rapid and unplanned urbani-
zation, poor environmental management, a lack of rules and
regulations, the development of urbanization and infrastruc-
ture in unstable areas, and a lack of geotechnical studies for
slope stability and characterization (Bourenane and Bouha-
dad 2021).

Deep-seated destructive landslides are large, rapid slope
movements that are commonly accompanied by earth or rock
avalanches, capable of causing extensive devastation over
large areas. Severe earthquakes have proven to be catalysts
for initiating a multitude of mass movements, exhibiting
diverse sizes and scales. Studies, including Pederson et al.
(1994), have observed that smaller landslides tend to concen-
trate on steep slopes and ridge tops, a phenomenon attributed
to the amplification of seismic shaking. Conversely, larger
and deeper-seated landslides are primarily influenced by the
specific geological structure of the local area. The trigger-
ing of these slope movements is linked to the appearance of
transient inertial forces that modify the equilibrium of slopes
generally close to failure. These inertial forces result from
the propagation of seismic waves through the slope, which
are modified by its local topographical, geological, and geo-
technical characteristics (Bourdeau 2005). Consequently, the
occurrence, type abundance, and deformation mechanisms
of earthquake-induced landslides in an area are complex and
influenced by a combination of the geomorphological and
lithological setting and the mechanical and hydrogeologi-
cal properties of the rocks and soils (Rodriguez et al. 1999;
Keefer 1984, 2002; Harp et al. 2011; Xu et al. 2013; Huang
et al. 2018). Therefore, understanding the mechanisms of
specific landslides induced by such interactions is complex,
requiring thorough investigation and the application of vari-
ous reconnaissance methods. Geomorphological, geological,
hydrogeological and geotechnical data from recent land-
slides play a crucial role in identifying potential landslide
sites. Comprehensive studies of the geotechnical properties
of lithological units are fundamental for landslide prediction.
Many deep-seated landslides triggered by earthquakes or
rainfall can be anticipated through slope deformation; under-
standing geomorphic consequences, such as depressions and
scarplets, aids in prediction efforts (Bourenane et al. 2022).

The recent earthquake of magnitude Mw 4.9 (CRAAG
2020) that struck the province of Mila on August 7th, 2020,
at 7:15 a.m. local time, triggered numerous and diverse types
of landslides over an area of about 500 km? (Fig. 1), despite
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its relatively small size. The landslides resulted in significant
damage to settlements, including the collapse of construc-
tions, leaving hundreds of people homeless, especially in
El Kherba city. The El- Kherba landslide is one of the most
damaging, complex, and large deep-seated landslides trig-
gered by this event in the western part of the city of Mila
(Fig. 2). The ongoing landslide resulted in significant harm
to numerous buildings and infrastructure, leading to substan-
tial ground deformation in highly vulnerable areas near El
Kherba, El1 Amel, and Kandahar districts. It affected more
than 1,055 constructions, including a primary school, a mid-
dle school, roads, and two water supply reservoirs with a
capacity of 2 * 15,000 m?, were affected (Fig. 2). Currently,
the El Kherba landslide constitutes an important risk, rep-
resenting a significant cause for concern and, therefore, a
high-priority scientific challenge due to its location in urban
zones, its surface area, and the extent of the induced disor-
ders. The main causes of these disorders are not related to
the quality of the structures or construction materials used
in construction. Instead, they can be attributed to the insta-
bilities of the underlying foundation soils, which were not
identified in the previous geotechnical studies.

In numerous studies, researchers around the world have
extensively discussed earthquake-induced landslides, rec-
ognizing that understanding their characteristics, control-
ling factors, and evolutionary mechanisms is a principal
challenge and of valuable importance for landslide predic-
tion, control, monitoring, and providing essential data for
identifying susceptibility analysis, hazard assessment, and
risk reduction measures (e.g., Dai and Lee 2002; Dai and
Lee 2002; Harp et al. 2011; Harp et al. 2011; Guzzetti et al.
2012; Bourenane et al. 2022). Furthermore, precise mapping
and a thorough comprehension of the spatial distribution of
coseismic landslides, along with the relationship between
landslide occurrence locations and influencing factors, are
vitally important for identifying and characterizing active
faults (Xu and Xu 2014; Huang et al. 2018).

At present, a large amount of research has been carried
out by local and international researchers to explore the
main factors affecting landslide deformation, deepen the
understanding of landslide deformation mechanisms, accu-
rately predict landslide formation, and take timely, effec-
tive measures to prevent the occurrence of landslides. The
factors affecting landslide deformation can be divided into
susceptibility factors such as topography and geomorphol-
ogy, stratigraphic structure, and geotechnical properties
(Wang et al. 2010; Wang et al. 2012; Huang 2012; Tang
et al. 2016; Su et al. 2017; Huang et al. 2018; Pasierb et al.
2019; Dai et al. 2019; Li et al. 2020; Shi et al. 2021; Chen
et al. 2021; Zou et al. 2021; Xia et al. 2021; Bourenane
et al. 2021, Bourenane et al. 2022; Bahmani et al. 2022; Wu
et al. 2023; Ke et al. 2023) and, triggering factors such as
heavy rainfall, groundwater level, and human engineering



Bulletin of Engineering Geology and the Environment (2024) 83:288

Page3of29 288

Fig. 1 Geographical, geological
and geomorphological setting
of the study area: a) loca-

tion within the north center

of Algeria and Mila region at
East of the capital city Algiers;
b) administrative limit of the
prefecture (Wilaya) and munici-
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pality of Mila; and c) inventory

map of landslides triggered by
the Mila earthquake obtained by
visual interpretation of interfer-
ometry synthetic aperture radar
(InSAR) satellite images and
Google Earth satellite images
completed by the field investiga-
tion after the 2020 Mila Earth-
quake and geological formations
draped on the digital elevation
model (DEM): 1.Sandstone and
limestone (Oligocene), 2. Clays,
marls and lacustrine limestones
(Mio-Pliocene), 3. Scree and
quaternary alluvium (Vila 1980;
Meghraoui 1988; Coifait 1992).
The red star indicates the Mila
earthquake epicenter on August
7,2020. The black square corre-
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activities (Chen et al. 2012; Shoaei 2014; Zhu et al. 2019; Li
et al. 2022; Zhang et al. 2021; Dong et al. 2022; Bourenane
et al. 2021, 2022). Recently, several studies have investigated
the landslide inventory and the spatial correlations between
coseismic landslide distribution and control factors based on
historical landslide inventories were performed (Rodriguez
et al. 1999; Keefer 1984, 2002; Chong et al. 2013; Harp et al.
2011; Huang et al. 2018). The scholars investigated data
from historical earthquake-induced landslides world-wide
and obtained the minimum shaking intensities and threshold
magnitudes for landslide occurrence and the statistical cor-
relation between the maximum distances of landslides from
the fault or epicenter for each type of landslide induced by
an earthquake along with regression equations are developed
and some adjustments on correlations are obtained.

From these researchs, multi-combination reconnais-
sance methods such as geomorphological and geological
mapping, observation-based methods, as well as geophysi-
cal and geotechnical methods, were developed and became
a promising approach for studying and characterizing

T T T
6.27° 6.33° 6.40°

landslides. However, in recent decades, the knowledge of
this phenomenon has become more detailed and compre-
hensive as increased resources and new surveying tools,
such as aerial photography, Geographic Information Sys-
tems (GIS), and remote sensing technologies, have become
available. The majority of research on this topic focuses on
major earthquakes; moderate-sized earthquakes can also
cause considerable slope failure, but related studies are few.
Moreover, most of the research is qualitative, which is still
lacking, and the quantitative analysis of influencing factors is
still on the surface, which leads to the inability to accurately
determine the degree of influencing factors on landslide
deformation and reduces the accuracy and effectiveness of
the prevention and control measures taken. In recent dec-
ades, based on field observations, improved remote sensing
technology, and widely accepted landslide-mapping meth-
ods, many extensive earthquake-induced landslide invento-
ries have been generated for seismic events. For this lack,
the use of combination methods is a promising approach
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Fig.2 Example of different
damages of buildings and roads
caused by El Kherba landslide
following the August 7, 2020
earthquake event: a) total
collapse of the structures in

El- Kherba city, b) cracks in
the masonry, ¢) and d) partial
collapse of the buildings mainly
due to the collapse of the soil.
e) bursting of the house due to
the landslide at E1 Amel city,

f) collapse and horizontal dis-
placement of the road, g) cracks
and the opening of the rupture
joint in the water tower near the
headscarp

allowing better qualitative and quantitative analysis of land-
slides, particularly on a large scale.

Following the El Kherba-induced landslide, the National
Laboratory for Housing and Construction (LNHC 2020)
conducted a comprehensive geotechnical study as part of a
specific investigation into the landslide. This study contrib-
uted significantly to characterizing the landslide by identi-
fying the presence of sliding surfaces through inclinometer
and piezometer investigation campaigns. Regardless of the
obtainability of interesting geotechnical data, the internal
structure, deformation characteristics, causal factors, and
evolution mechanism of the landslide remain unknown.
In addition, inclinometer results are subject to ambiguity
and do not provide a clear position of the sliding surface.

@ Springer

Therefore, a comprehensive approach involving of geo-
morphological mapping based on detailed field geological
survey and remote-sensing techniques combined with geo-
logical, geotechnical, and hydrogeological data becomes
crucial in this structural context, especially when identifying
deformations, which mark different stages of its evolution
mechanism.

This paper thus investigates a detailed geomorpho-
logical, geotechnical and hydrogeological characteris-
tic, with the identification of the failure mechanism of
the El- Kherba landslide induced by the Mila earthquake
(Mw 4.9) based on the combinaison of field investiga-
tion, remote sensing images interpretation, and analy-
sis of laboratory and in-situ geotechnical test data and
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hydrogeological monitoring data. The final objective is
to improve existing earthquake induced landslide suscep-
tibility methods based on casual relationships between
landslides geo-environmental and triggering factors dur-
ing earthquake. The findings offer improved insights into
the trigging and susceptibility mechanisms of potential
landslide sites and thus contribute to the development of
a methodology for predicting potential sites and guiding
the scientific disaster prevention and mitigation work of
this landslide and similar landslides.

Description of the investigated area
Geographical setting

The triggered landslide under investigation occurred
in the west part of the city of Mila (northeast Algeria)
along the right bank of the El Kherba river, approximately
390 km east of Algiers, the capital of Algeria (Fig. 2a),
and about 2 km west of the Mila municipality (Fig. 2b).
It is delimited by its geographical coordinates: longitudes
of 6.225°N and 6.258°N and latitudes of 36.431° E and
36.456° E, referenced to WGS 1984 and UTM Zone 32,
North. Most of the local landslide is located within a dis-
continuous urban area and covered by a sparsely vegetated
area in the agricultural land. The area, densely populated
within the city of Mila, exhibits the most favorable geo-
morphological, hydrogeological, and geotechnical condi-
tions for such occurrences.

Geomorphological, geological, and climatic setting

Geomorphologically, the Mila province belongs to the great
Mila-Constantine Neogene basin, which corresponds to a
vast and closed depression intra-mountain covered by Neo-
gene deposits overlying a substratum consisting of generally
allochthonous flysch nappes. The affected zone lies in a hilly
area within the western part of the larger Mila-Constantine
basin. It is located in a transition zone between the Numidian
Mountain chain in the north and the high plains of Constan-
tine in the south (Fig. 2a). Moderately sloped hills with a
maximum height less than 800 m a.s.1. and an average eleva-
tion of 500 m a.s.l. dominate the area's morphology. The El
Kherba landslide is localized in low- to middle-elevation
hills with a slope dipping northwest at an angle of 10 to
30°. The upper slope of the landslide is gentler than the
lower one. The elevation ranges from 400 to 680 m above
sea level and increases from the northwest to the southeast.
The head of the landslide occurred at an altitude of 700 m
near the water tower, and the landslide toe is at an elevation
of 400 m near the El-Kherba River.

Geologically, the epicentral area is part of the Mila-
Constantine Neogene basin, located in the internal zones
of the Maghrebides chain (Coiffait 1992), exhibiting four
main lithological formations (Fig. 2¢): (1) Triassic evapo-
rites and Jurassic carbonate formations; (2) Cretaceous marls
and marly limestones underlying Paleocene—Eocene marls;
(3) Mio-Pliocene formations cover most of the Mila basin,
represented by detrital deposits (conglomerates, sands, and
clays), evaporitic deposits (gypsum, anhydrite, and rock
salt), and lacustrine limestones; and (4) Quaternary alluvial
terraces and lacustrine calcareous formations (Vila 1980;
Coiffait 1992).

The Neogene clays and marl formations of the Mila-Con-
stantine Neogene basin are the dominant formation types
(Coiffait 1992) that cover a large surface of the landslide
site and exhibit weak geotechnical characteristics (Athmania
et al. 2010; Chettah 2008): low shear strength and cohesion,
high sensitivity to the presence of water, and high plastic-
ity and swelling. Consequently, these formations are highly
susceptible to landslides.

The Mila region is located at the junction of two differ-
ent climatic domains: (i) a temperate and humid climate
in the North, characterized by a dry and hot summer and
a mild and wet winter with annual precipitation ranging
between 900 and 1200 mm; and (ii) a semi-arid climate in
the South, marked by a significant temperature difference
(40 °C in summer and can fall below 0° C in winter) and
precipitation of about 400 mm/year. In the winter sea-
son, there is a rise in both the frequency and intensity
of rainfall, characterized by highly variable precipitation
amounts (700 to 1000 mm. yr-1), posing a landslide risk.
A period of reduced rainfall, also known as the dry season,
is observed in August, the period when the El Kherba
landslide occurred.

From a hydrological point of view, the Mila province
belongs to the watershed hydrographic basin of Kebir-
Rhumel, characterized by a very dense hydrographic net-
work. It is drained by the El Kebir, Rhumel, and Enndja riv-
ers with a permanent flow and very active seasonal flows in
the winter period, which are associated with temporary flow
affluents: Oued Mila, Oued Makraoued, Oued El Bordjia,
and Oued El Kotone (Fig. 2¢). These watercourses are likely
to be the origin of floods and other forms of instability on
the slopes, causing damage, sometimes considerable, to dif-
ferent parts of the infrastructure of the city. The topographic
profile in an east—west direction confirms this hilly morphol-
ogy with a dense hydrographic network and clearly visible
differential erosion. In specific locations within the region,
such as El Kherba, gullies form along drainage courses due
to heavily weathered and erodible soil. This local phenom-
enon significantly contributes to the instability of the natu-
ral slopes in the area. The region's hydrogeology is mainly
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governed by the repartition of impermeable Miocene clays
and marls underlain by permeable Pliocene lacustrine lime-
stone and Quaternary alluvial terraces.

The gradual extension of urban areas due to rapid urbani-
zation from 1962 until today, accompanied by human activ-
ity developments, has resulted in significant morphologi-
cal changes and modifications of stability conditions in the
Mila province. These changes, including excavation, exten-
sive clear-cut logging, and vegetation removal, constitute
the main factors contributing to the increased frequency
of landslides. El Kherba is among the cities experiencing
forced urbanization in landslide-prone areas due to the rapid
population increase in Mila municipality. As a result of this
growth, new developments combined with inappropriate
land use practices are the main factors responsible for the
increased frequency of landslides.

The seismotectonic setting

The Eastern Tell Atlas of Algeria is situated in a com-
plex deformation zone caused by the collision between
the Eurasian plate and the African tectonic plate. This
plate boundary zone is controlled by left-lateral strike-slip
movement and compression at a rate of about 2.4 mm/yr,
with the African plate moving toward the Eurasian plate

Fig.3 Seismotectonic map of
eastern Algeria (Vila 1980;
Meghraoui 1988; Bounif

et al.1987; Bouhadad et al.2003;
Kherroubi et al.2009). The
seismicity data are from (Harbi
et al. 2004; Ayadi and Bezzeg-
houd 2015). 1. Sandstone

and limestone (Oligocene),

2. Clays, marls and lacustrine
limestones (Mio-Pliocene), 3.
Scree and quaternary alluvium,
4. hidden faults, 5. faults, 6.
active faults, 7. Strike-slip
(Vila 1980; Meghraoui 1988;
Bounif et al.1987). The red star
indicates the Mila earthquake
epicenter on August 7, 2020

36466°

in the northwest direction (Sato et al. 2007; Bougrine et al.
2019). This region is distinguished by three major fault
systems, which include (Fig. 3): (i) reverse faulting and
right lateral strike slip due to NE-SW to E-W trending
faults (Bounif et al. 1987; Meghraoui 1988; Bouhadad
et al. 2003; Maouche et al.2011, 2019); (ii) left lateral
faulting due to NW-SE oriented faults (Beldjoudi et al.
2016), and even (iii) normal faulting in the Guelma basin
(Aoudia et al. 2000). Several active faults have been
described by various authors, including Vila (1980),
Meghraoui (1988), Harbi et al. (1999), Bouhadad et al.
(2003), and Maouche et al. (2011). Additionally, poten-
tially active faults have been identified offshore north of
Jijel, Annaba, and Skikda (Harbi et al. 1999, 2011). In
terms of seismic hazard, several studies indicate that the
eastern Algeria area has a relatively moderate seismic haz-
ard (Aoudia et al. 2000; Kherroubi et al. 2009; Maouche
etal. 2011).

The Mila province is situated in an active zone marked by
moderate seismic activity in north-eastern Algeria (Fig. 3).
It has historically experienced several moderate earthquakes,
including: the Jijelli 1856 earthquake that caused a tsunami
(Harbi et al. 2011), the 1946 Berhoum and the 1937 Guelma
moderate-sized earthquakes (Benouar 1994); the Constan-
tine October 27th, 1985 (Mw 5.7) earthquake (Bounif et al.
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1987); the Beni Ourtilane November 20th, 2000 (Mw 5.4)
earthquake (Bouhadad et al. 2003); the Beni Ilmane earth-
quakes sequence of May 2010 (Beldjoudi et al. 2016); the
Laalam earthquake of Mars 20, 2006 (Bouhadad et al. 2010);
and recently, the July—August 2020 earthquakes of Mila with
a magnitude of Mw =4.6 and Mw =4.9, respectively (Amar
et al. 2021).

The recent earthquakes in July—August 2020 occurred
along the North Constantine Fault (NCF), which is consid-
ered a major structural feature and corresponds to a struc-
tural limit between Neogene basins and pre-Neogene depos-
its (Vila 1980; CGS 2022). This fault zone contains a series
of NE-SW to E-W trending fault segments totaling more
than 50 km in length (CGS 2022). The NCF is a reverse fault
with a low to moderate seismicity pattern (Fig. 3).

According to the CRAAG, the earthquake of August 7,
2020 (Mw 4.9) that hit the north of Mila province was felt
in a vast portion of northeastern Algeria. The epicenter was
located about 10 km NE of the city of Mila at latitude 36.56°
and longitude 6.35°, with a focal depth of 8 km. Numerous
felt aftershocks were recorded following the main event,
with the strongest one being a 4.5-magnitude shake at 11:13
am local time on August 7, 2020 (Amar et al. 2021).

Investigation Data and methodology

Data types compilation and spatial database
construction using GIS

To investigate the instability of El Kherba induced by the
Mila earthquake, we compiled, analyzed, and processed
data from geological, geotechnical, and hydrogeological
investigation campaigns. Additionally, field investigations
and satellite imagery interpretation were conducted. The
gathered data were integrated into a database using the GIS
framework, specifically ArcGIS and Access. This integra-
tion facilitated spatial analysis, exploitation, processing, and
management of large datasets in the local projection system
of Algeria (UTM North Sahara, 1959; WGS 1984; spindle
31 North). The compiled database, as illustrated in Fig. 4,
includes:

e Topographic Digital Data: This encompasses elevation,
slope gradient, slope aspect, and topographic position
information, derived from an 8 m resolution Digital
Elevation Model (DEM) created by digitizing and inter-
polating elevation lines from 1:25,000 topographic maps
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provided by the Algerian Institute of Cartography and
Remote Sensing (INCT);

e Remote Sensing Images: Data from optical InSAR sat-
ellite images with a high resolution, acquired both pre-
earthquake and post-earthquake. Pre-quake InSAR satel-
lite images and post-quake images were used to identify
slope failures caused by the shaking. These satellite
images with a resolution of about 350 x 350 m? from the
European Spatial Agency (ESA) were acquired between
July and August 2020, close to the occurrence time of the
Mila earthquake. Google Earth satellite images with a
resolution of about 1 m per pixel for pre- and post-quake
were also compared and analyzed for the determination
of the slop failure after the earthquake.

e Geological Data: Data pertaining to lithology, bedrock,
and tectonic structure, obtained by digitizing a published
geological map at a scale of 1:50,000 (Vila 1980);

e Laboratory and in-situ geotechnical test data: comprise
data from 19 boreholes (B) with depths ranging from 17
to 80 m, 10 of which were equipped with piezometers
(BP), and 12 MPT, noted BPr, as well as laboratory tests
on undisturbed soil samples from boreholes for different
depths in subsoil layers, conducted by LNHC in 2020
as a specific geotechnical investigation of the landslide.
The lithological features of the landslide area, including
composite material and thickness of lithological units,
are described using data from boreholes, which are used
to prepare simplified cross-sections indicating the litho-
logical features of the studied area

e The rainfall database: The meteorological data cover a
period of one year from the AinTin meteorological sta-
tion, located near the landslide area and monitored by the
National Agency of Water Resources (ANRH 2020). The
dataset includes the daily, monthly, and annual measure-
ments of rainfall for the period from 2019 to 2023.

e Field Hydrogeological Monitoring Programs: The
field monitoring programs involved the inventorying of
15 water points (including 10 piezometers, 2 springs,
and 3 wells) conducted and monitored by the LNHC
in 2020 and the CGS in 2021 throughout the landslide
area. Monitoring was conducted during the high-water
period (December to June), with monthly assessments of
groundwater levels. Through these programs, hydrogeo-
logical investigations determine the conditions related to
groundwater levels, rainfall infiltration mechanisms, and
their impacts on stability. Then, the relationship between
cumulative rainfall and groundwater level fluctuations
and their influence on stability was examined using pie-
zometers installed along the sliding plane. These piezom-
eters were monitored for the period from August 2020 to
June 2021.

o Field Investigation Data: These include geomorphologi-
cal, geological, and hydrogeological mapping of the land-
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slide, covering parameters like morphology, typology,
perimeter, geometry, deformations, lithology, thickness
of lithological units, wells, water springs, water seepage,
source, groundwater level, etc. The obtained co-seismic
landslide inventory map, based on high-resolution remote
sensing images, was complemented by three weeks of
field investigations.

e Seismic data: the characteristics of the seismic event of
August 7th, 2020 were recorded by several local digital
accelerograph stations monitored and maintained by the
CGS as well as numerous international seismological sta-
tions. The nearest seismic station to the El Kherba land-
slide is the Barrage Beni Haroun (BBH) station located
at a hypocentral distance of 5 km. The distance between
the landslide and the epicenter of the Mila earthquake is
14 km.

Detailed and complete inventory mapping
of deep-Seated landslide

The establishment of landslide inventories and the explora-
tion of their typologies and spatial distribution are indis-
pensable tools for comprehending the spatial and temporal
characteristics of landslides. This understanding is vital for
assessing the evolution of the landscape and determining
landslide susceptibility and risk. Various methods have
been employed for landslide detection, as documented in
studies by Keefer (2002), Lee and Sambath 2006, Harp
et al. (2011), Guzzetti et al. (2012), Xu (2014a), Tian et al.
(2019), and Bourenane et al. (2022). These methods include:
(i) visual analysis of stereo-pair aerial photographs or/and
high-resolution satellite ortho-images; (ii) visual analysis
of high-resolution DEMs (such as LiDAR); (iii) analysis of
InSAR multi-temporal radar images; (iv) automated process-
ing of optical remote sensing images; and (v) on-site field
investigations.

The study utilized a technique that involves the synthesis
of computer GIS and remote sensing technologies for the
visual interpretation of high-resolution satellite images on
the GIS platform. This approach has been demonstrated to
be effective for earthquake-triggered landslides. The accu-
rate inventory map at a scale of 1:10,000 was prepared in
ArcGIS using standard landslide mapping techniques based
on the following steps:

(1) Visual interpretation of Interferometry Synthetic Aper-
ture Radar (InSAR) satellite images by (Fig. 5):

(2) Processing of two Sentinel-1A InSAR images before
(Fig. 5a) and after the earthquake (Fig. 5b) using Sen-
tiNel Application Platform (SNAP) V7.0 software for.

(3) Determining deformation and displacement interfero-
grams (Fig. 5¢) generated by the earthquake.
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Fig.5 Inventory mapping of the El Kherba landslide induced by the
7th August 2020 Mila earthquake based on the visual interpretation
of pre- and post-earthquake remote sensing images derived from: (a)
high resolution Interferometry Synthetic Aperture Radar (InSAR) sat-
ellite images of July 21, 2020, (b) InSAR satellite images of August
26, 2020, (c) the obtained interferogram from the processing of two

(4) Validating results with field geomorphological post-
seismic investigation conducted shortly after the
earthquake event;

(5) Analysis and interpretation of Google Earth satellite
images by:

(6) Examining by comparing high-resolution images
(1 m), taken prior to (Fig. 5d) and following (Fig. Se),
the earthquake event to identify landslides.

(7) Comparing pre- and post-earthquake images to high-
light changes.

(8) Examination of archive documents and available data
by:

(9) Reviewing technical reports from LNHC 2020 and
CGS 2022.

(10) Consulting published geological maps.

(11) Analysis of geomorphological field investigations:

(12) Utilizing main results from field investigations con-
ducted after the earthquake.

(13) Confirming visual interpretations with GPS points
from field observations.
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InSAR images (a) and (b); (d) and (e) Google Earth satellite images
taken before (July 2020) and after (August 2020) the 2020 Mila
Earthquake, respectively. (f) geomorphological field investigations.
White dotted line are landslide boundaries of the El Kherba landslide.
The red star indicates the Mila earthquake epicenter on August 7,
2020

This integrated approach aims to enhance the accuracy of
landslide inventories by combining remote sensing technolo-
gies, GIS analysis, and on-the-ground field observations.

Geomorphological field investigations

Field investigation, which comprises geomorphological
mapping, geological mapping, and reconnaissance studies
on the landslide site, was performed according to the guide-
lines for landslide investigation proposed by Crozier (2005).
The first geomorphological field reconnaissance of the site
was carried out immediately one day after the slope failure,
on August 8, 2020. Supplementary and extensive field inves-
tigations between August and September 2020 have been
conducted in the landslides area in order to (Figs. 1 and
7): (1) verify and validate the landslide inventory map pro-
duced by the interpretation of satellite images; (ii) identify
the geological conditions of slopes, type of material involved
in slope failures and thickness of slope materials; (iii) iden-
tify and map the geomorphological features (typology,
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topography, the perimeter, sliding surface) and deforma-
tion characteristics (such as head scarps, fissures, tension,
bulges, subsidence... etc.) and geometrical parameters
including slope angle, length, elevation, length, and width
of the landslide; (iv) investigate potential causal factors of
the landslides; (v) understand of landuse practices includ-
ing changes in vegetation, agricultural practices, urbaniza-
tion leading to modifications of natural morphology, as an
important causal factor of instability and (vi) geotechnical
investigations. Field observations also include drilling, core
sampling for laboratory testing, groundwater level measure-
ments, and MPT measurements.

Geological, hydrogeological and geotechnical
investigations

The geological, hydrogeological, and geotechnical investiga-
tions carried out in the landslide area provide comprehensive
insights into the subsurface conditions, groundwater behav-
ior, and soil properties.

Geological investigations are conducted through the use
of mechanical boreholes equipped with continuous coring
in order to identify the lithological features of the landslide
area and the thickness of the lithological units. A total of 19
boreholes, labeled B1 to B 19, were drilled along the entire
landslide surface, reaching depths ranging between 17 and
80 m (Fig. 4). Mechanical boreholes with continuous coring
were employed to extract samples, enabling the identifica-
tion of lithological features and the thickness of lithological
units. The information obtained from the borehole is utilized
to create simplified cross-sections that illustrate the litholog-
ical configuration of the landslide area in various directions.

The hydrogeological investigations involved the analy-
sis of groundwater levels and their effects on stability. This
was done through the creation of a piezometric level map,
which represents the average groundwater table during the
high-water period (December to February). The map was
established using Kriging interpolation based on data from
15 water points, including 10 piezometers, 2 springs, and
3 wells.

Geotechnical investigations, including mechanical bore-
holes with continuous boring, laboratory experiments, tests
on undisturbed samples from boreholes, and in situ tests by
MPT, are also performed in order to identify the lithologi-
cal sequences of soil constituting the slope, their physico-
mechanical properties, and to determine the failure depths of
the sliding area. A total of 55 undisturbed borehole samples
from different depths of the lithological formations were
collected for geomechanical laboratory testing. These tests
included determining the grain size distribution by wash-
ing technique (ASTM International D1140-17, 2017), dry
unit weight, moisture content-dry density, degree of satura-
tion, soil classification (ASTM D2487-17), and Atterberg
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limits tests (liquid limit LL and plastic limit PL). The resid-
ual shear strength parameters of soils were determined by
employing repeated non-drained direct shear (DS) tests and
unconsolidated undrained triaxial tests according to ASTM
D-3080. The consolidation and compressibility properties of
the soil were determined using oedometer tests, with each
experiment conducted in accordance with relevant ASTM
standards. In situ tests using 12 MPT were performed at
intervals of 2 m depth for each borehole (BPrl through
BPr12), with a depth of 30 m for all boreholes except one
(BPr12), which had a depth of 16 m. The MPT, based on
ASTM Standards D 4719-07 (2007), determined two cru-
cial parameters: deformation or pressuremeter modulus
(Ep) and pressure limit (P1). Ep and Pl values were solely
employed for identifying both the deformable soil associated
with instability (failure zone) and the slip surfaces of the
landslide. A statistical analysis of physical and mechani-
cal parameters and the geotechnical characteristics of the
unstable slope was determined, and the results are presented
in Table 2.

Failure mechanisms analysis

The inclinometer is the most frequently employed monitor-
ing technique for identifying the failure mechanism, espe-
cially the depth and internal structure of slope deformations
(Borgatti et al. 2006; Macfarlane 2009; Massey et al. 2013).
Nevertheless, it comes with the drawback of necessitating
highly reliable installation and monitoring procedures on
the one hand and extensive and prolonged measurements
on the other. In our case, the inclinometer results obtained
from a specific geotechnical study of a landslide conducted
by LNHC are prone to confusion due to the disadvantages
given above. They exhibit highly variable sliding surface
depths, ranging from 1 to 78.5 m, despite the geological for-
mations being homogeneous. Consequently, the inclinometer
outcomes fail to provide a clear depiction of deformation or
the sliding surface.

To enhance the characterization of the failure mechanism,
especially in determining the geometrical characteristics of
the unstable slope, we employed a combination of theo-
retical or empirical measurements from the literature with
practical testing through MPT investigations, accompanied
by numerical modeling. This integrated methodology offers
a more comprehensive understanding of the slope failure
mechanism, contributing valuable insights for future slope
stability assessments and engineering interventions.

Empirical measurements of geometrical setting
For individual landslides, a database of geometrical meas-

urements involving landslide area, volume, landslide length,
and landslide width was conducted through a worldwide
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literature search (Soeters and van Westen 1996; Guzzetti
et al. 1999; Guzzetti et al. 2009). However, for certain land-
slides, not all the information was accessible. From the avail-
able database of terrestrial landslides, the empirical relation-
ship between landslide area A; (in m?), and volume V. (in
m?®) was modeled through the lineaire equation V; =e X A, °,
where € and a are empirically calibrated scaling parameters
(Guzzetti et al. 2009; Simonett 1967; Guzzetti et al. 2008;
Korup 2005; Haflidason et al. 2005). Despite the disper-
sion attributed to various types of slope failures, most of the
relationships exhibit a similar trend, the different parameters
introduced to evaluate landslide volume, and the different
climatic, geological, and physiographic settings (Guzzetti
et al. 2009).

In the study area, the volume of the El Kherba landslide
was estimated using empirical relationships published in the
literature, including those proposed by Simonett 1967, Cru-
den and Varnes 1996, Korup 2005, Haflidason et al. 2005,
Parker et al. 2011, Guzzetti et al. 2008, 2009, and Xu et al.
2015. This volume information was then used to charac-
terize the failure mechanism and, more precisely, to deter-
mine the depth of the sliding surface using the relationship
V =xnLdDdWd/6, proposed by Cruden and Varnes 1996,
where Ld: length, Dd: depth, and Wd: width.

MPT investigations of the deformation zone

The MPT stands out as a crucial in in-situ in geotechni-
cal engineering, providing the most accurate depiction of
soil deformation behavior. It is considered one of the most
important tests for determining various geotechnical proper-
ties, including stress—strain behavior, shear strength, shear
modulus, soil deformability, and the over-consolidation ratio
of subsurface layers. Recently, this method has proven to
be highly effective in determining the failure depths of a
landslide (Agan and Unal 2013).

This part of the study aimed to evaluate the effectiveness
of the MPT in determining both the deformation zone asso-
ciated with a landslide and the depth of the slip surface. To
achieve this objective, the weak zones identified as probable
sliding zones through pressuremeter tests, were compared
with the failure depths obtained from inclinometer meas-
urements and empirical relationships sourced from the lit-
erature. The findings from this investigation carry practical
implications for geotechnical engineering, providing valu-
able insights into the applicability and efficiency of the MPT
for this specific purpose. Consequently, the results of the
MPT were correlated and calibrated with the inclinometers,
boreholes, geotechnical tests, and empirical relationships
published in the literature. This comprehensive approach
ensures a thorough evaluation of the MPT and its utility in
characterizing landslide deformation zones and determining
slip surface depths.

Numerical simulation

A series of numerical simulations were conducted to
understand the failure mechanism of the slope, focusing
on the evaluation of the effects of the earthquake, and
rainfall (groundwater level) effects. The behavior of soil
layers was modeled using the Mohr—Coulomb model to
simulate the movement process of a landslide. The input
parameters of the model, including DEM, ground water
level, and soil test results, are shown in Table 1. The behav-
ior of slopes under the effect of earthquake was analyzed
using the limit equilibrium method and the finite element
method. This approach satisfactorily models the hetero-
geneous and discontinuous characteristics of soil masses.
The initial stress within the soil body was generated using
GEOSLOP 2D gravity loading. The standard fixities were
applied as the mechanical boundary conditions. Subse-
quently, variations in annual groundwater levels were ana-
lyzed to assess their impact on pore-fluid pressure devel-
opment and the initiation of this landslide, recognizing
groundwater fluctuations as a crucial factor contributing
to unstable conditions. Consequently, the results, deter-
mined the relationship between seismic loading and pore
water pressure for the studied slope. The procedure for
modeling, includes handling terrain data and construct-
ing a geometric model. The factors of safety (FS) were
assessed using fully coupled flow- deformation analysis,
wherein soil hydraulic and mechanical responses were cal-
culated simultaneously. Mesh dimensions were determined
through sensitivity analysis to ensure a higher mesh density
in the sliding zone. Numerical analyses were conducted for
one cross section (profile AA") across the affected area, as
depicted in Fig. 4.

Results inspection

Deep-seated landslide inventory map: types,
characteristics and deformation

The inventory map of the El Kherba landslide has been
established at a scale of 1:10,000 and is represented as pol-
ygons draped over a 10-m resolution DEM using Arc GIS
(Fig. 6). The obtained inventory map outlines a large land-
slide, with an active zone covering a surface area of 1.565
km?. The entire length, spanning from the head scarp to the
slope bottom, is approximately 2,166 km. The width across
the landslide direction varies from 40 m to 1,80 km. This
expansive landslide extends from the El Kherba district in
the south to the Kandahar district and the El Amel districts
in the north.

The mapped mass movement can be defined as a typi-
cal earth slide according to the classification of Varnes
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Table 1 Descriptive statistics of the geotechnical properties of the soil samples

Geotechnical properties Number  Min. value Max. value Arithmetic mean Standard deviation
of sam-
ples
Physical tests Dry unit weight yd (kN/m?) 14 15.3 18.5 17.05 0.080
wet unit weight yh (kN/m?) 14 18.3 21.3 20.24 0.064
Moisture content o (%) 26 10.07 24.47 17.002 3.316
Degree of saturation Sr (%) 14 53.73 100 87.269 10.681
Atterberg limits tests Liquid limit LL (%) 55 40.04 70.76 57.027 5.175
Plastic limit PL (%) 22 42.42 29.465 3.183
Plasticity index PI (%) 14.71 43 27.562 2.865
Drained direct shear (DS) test Cohesion C (kPa/m?) 37 10 51 334 0.071
Internal friction angle ¢ (°) 11 40 18.216 4.284
Unconsolidated undrained Undrained Cohesion Cuu (kPa/ 6 28.8 77.7 59.7 0.156
triaxial test m?) (for dry season)
Internal friction angle ¢uu (°) 2 5.4 3.55 0.933
(for dry season)
The oedometer test Coefficient of consolidation Pc 37 95 213 143.7 0.269
(kPa)
Coefficient of compressibility 11.33 32.64 18.505 3.688
C. (%)
Coefficient of swelling Cg (%) 2.34 12.24 7.662 1.351
Manard pressuremeter test Deformation modulus Ep (MPa) 171 1.17 44.878 11.082 4.272
(MPT) Pressure limit Pl (MPa) 0.381 2.766 1.335 0.549
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(1978). The investigated landslides exhibit a trend along a
NW-SE direction, with a height of 27.26 m from the road
surface and a post-failure vertical angle of 63°. The studied
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27.26 m from the road surface and at an angle of 63° verti-
cally post-failure.
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The mass movement is complex, exhibiting character-
istics of both a rotational landslide upstream and a trans-
lational landslide downstream, with several semi-circular
scarps juxtaposed and two plane scarps, respectively. The
slope is shifting towards the El Kherba river, with active
peaks of rapid movement.

The geological mapping of the area showed that the
El Kherba slope instabilities are very widespread, mainly
within the thick series of sandy clays that belong to the
post-nappe Miocene formation basin of Mila and along the
10° to 15° slopes (Fig. 6). Field observations indicate heav-
ily weathered clays at the surface, crossed by a network of
widely open retreating fissures, exposing them to concen-
trated runoff and erosion. Surface water infiltration through
fissures and sandy layers causes progressive saturation,
decompression of the formation, and the generation of inter-
stitial overpressures, resulting in the loss of the mechanical
properties of the soil.

Fig.7 Field photographs show-
ing the characteristics, types
and, deformation characteristics
of the El Kherba landslide: a)
Main scarp near the water tank
of Ain El Kaid, b) E-W oriented
transverse cracks and escarp-
ments developed downstream
of the main scarp, c) Lateral
escarpments oriented NW-SE
marking the western limit of
landslide at upper El Kherba,

d) Large rectilinear lateral
escarpment oriented NW-SE
with a high horizontal rejection,
e) A spectacular escarpment

to the immediate north of the
water reservoir marking the
second main escarpment in the
downstream of the landslide
indicating ancient movements
with a deformation characteris-
tic, f) very extensive and height
scarps in downstream related to
the reactivated old landslide, g)
and h) frontal bulges mobilising
the dwellings in El Amel in the
landslide toe. The locations of
the photos (a-h) are shown on
Fig. 9

Morphological observations depict a disrupted land-
scape marked by numerous cracks, extensive depths,
bulges, folds, and slope breaks, as illustrated in Figs. 7 and
8. Collectively, these features characterize an extensive,
deep-seated landslide that has mobilized a considerable
volume of slope material at a rapid velocity. The entire
thickness of the overburden was displaced downslope
and deposited on the right banks of the El Kherba River.
The lower sections of the landslides display compression
ridges, contributing to the displacement of structures. Fur-
thermore, the residential buildings have incurred severe
cracking, indicating a deterioration in the situation.

Many field observations in the landslide zone revealed
the existence of previous evidence of instabilities and
indicated that the landslides induced by the August 2020
earthquake event constitute partial reactivations of pre-
existing landslides. The activation and reactivation of
landslides in the Mila region are related to the intense
rainfall events during the winter season.
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Fig.8 Local geomorphology
and the relationship of the spa-
tial distribution of the observed
deformations with the slope
angle on the digital elevation
model. Letters (a—h) indicate
the localization of photographs
in Fig. 7
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Geomorphological, hydrogeological
and geotechnical conditions of the landslide

Local geomorphological characteristics

The El Kherba landslide was observed by residents 15 min
after the seismic shock. It began with cracks, escarpments,
and slight cracking on the walls and around some houses
in the El Kherba district. By 10:00 p.m., the deformation
intensified and moved in the northwest direction, passing
through the Kandahar district and reaching the city of El-
Amel, located 2 km downhill on the slope. The landslide is
initiated on the upper part of the El Kherba hill facing SE
NW at high to medium altitude. The affected area features a
moderate to steep slope, dipping 10 to 30° to the Northwest.
The landslide headscarp appeared near a municipality road
and water tower, and the landslide toe is near the Mila bus
station and El- Kherba river (Fig. 7). The head scarp of the
landslide manifested near a municipality road and a water
tower, while the toe of the landslide is situated close to the
Mila bus station and the El Kherba River. The landform
morphology has undergone significant changes due to slope
instability, with numerous deformations observed along the
entire landslide, extending from the main head scarp to the
foot.

In the upstream parts of the landslide, a distinctive pat-
tern emerges, characterized by a series of transverse cracks,
tensile cracks, and bulges of varying depths and lengths run-
ning perpendicular to the slope direction. These features are
separated by minor or secondary scarps. The landslide pre-
sents a main escarpment at the head of the landslide, more
than 300 m long, oriented E-W (N 85°E) and observed to
the immediate north of the small water reservoir of Ain El
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Kaid, which supplies the town of Mila (Fig. 7a). This first
semi-circular escarpment is followed by a series of trans-
verse cracks and nested escarpments that develop down-
stream (Fig. 7b), the most important of which are almost
rectilinear and oriented roughly E-W (N 120°E), limiting
the semi-circular shape observed on the western side of the
El Kherba slide (Fig. 7c).

A spectacular escarpment originates to the immediate
north of the small water reservoir, still oriented roughly
east—west (N 260°E), with a rejection this time of around
2 m (Fig. 7d). A municipality road along this escarpment
collapsed with a vertical height of about 2.5 m and a distance
of about 100 m.

In the downstream parts of the landslide, the deforma-
tions are very important because large and deep transverse
cracks are observed with a width of 1 m to 6 m, a longi-
tudinal length of ~ 150 m, and a depth of ~ 10 m (Figs. 7e
and f). In this zone, very extensive and high scarps are also
observed, with a longitudinal length of ~ 100 to 200 m and a
rejection that can reach 5 to 15 m. These scarps form a slope
break about 110 m long and 4 to 5 m high, which suggests
that this zone corresponds to an old landslide reactivated in
a versant with a higher slope. These landslides, which have
been known previously, were triggered and reactivated by
winter rainfall events. The downstream end of the landslides
is marked by chaotic morphology, with frontal lobes and
bulges mobilizing the dwellings in El-Amel (Figs. 7 g and
h) that correspond to the accumulation or depositional zone.
In addition, this downstream zone is distinguished by human
activities such as backfill surcharges and earthworks visible
on satellite images (depicted in white in Figs. 5 d and e). The
spatial distribution of the observed deformations exhibits a
clear correlation with the slope angle, as depicted in Fig. 8.
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Geological characteristics

A cross-section derived from boreholes (Fig. 9) across the
affected area (profiles AA’, BB’, and CC' of Fig. 11) reveals
the lithological composition of the landslide. The predomi-
nant lithology consists of overlying Quaternary vegetal
earths and backfill, underlying bedrock of the Mio-Pliocene
formation composed of yellowish to greenish clays with
some grave, limestone, and gypsum banks at the surface.
This is followed by greyish clays slightly marly in depth, fea-
turing a layer of slightly clayey sand. The vegetal earth and
backfill have a thickness ranging from 0.2 to 3 m and con-
tain a small amount of sand and gravel. The bedrock slopes
at an angle of 10 to 20 degrees to the northwest, aligning
with the direction of the landslide. The borehole sections
reveal the presence of both thin and thick (0.5-15 m) weak
interlayers of altered and plastic clays with weak resistance,

especially at depths exceeding 6 m (Fig. 9). These strong
plastic and weathered layer of clay with a narrow and muddy
structure that reveal a soft layer with weak weathering resist-
ance may constitute shear surfaces. This high plasticity is
confirmed by the Casagrande plasticity tests (see “Geotech-
nical properties: physical and mechanical parameters”).
Surface observations further reveal a thick deposit of clays
with intercalations of sand and gray clay. This formation is
often saturated, plastic, altered at the surfaces, and therefore
sensitive to variations in water content. Consequently, it is
extremely favorable to concentrated runoff, gully, erosion,
and gravity-induced phenomena (Figs. 10 a and b).

Local hydrogeological characteristics

The upper layer of Miocene clays exhibits significant sur-
face weathering, characterized by widely open desiccation

Fig.9 Examples of the bore- —
holes sections indicated the 0 7 FE=Top-soil
presence of thin and thick weak 3-75 1 L Glfa"el_ltiyelbw
interlayers of altered and plastic 10 5: cay with gypsum
clays l 4] Plastic brown clay
with gypsum fiber
17.54
214
8 2451 Greyish plastic
o 28 clay with gypsum
;6;‘ 31.54 inclusion
351
38.51
424
45.54 Greyish plastic
38.54 clay with gypsum
52' 5 inclusion
56.5-
59.54
63.5 -
66.5-
70-

Slightly marly greyish

BH9 BHI! BHI3
IBrown gravelly clay - Top-soil ) Yellowish clays with
Silty to clayey sands | Gravelly yellowish clay |__|little plasticity

| Gravelly yellowish clay
Greyish sandy clay with gypsum fiber Greyish clay with

limestone

| [Plastic yellowish clay clay

Brown plastic clays

Yellowish to greenish
clays

Slightly manioc greyish
clay with traces of
gypsum

Greyish plastic clay with
|gypsum inclusion

Greyish plastic clays
with traces of gypsum

Fig. 10 Geological and
hydrogeological characteristics
of the clay Miocene forma-
tion: a) a weathered, plastic,
loose, and porous, clays layer,
observed at the landslide body
with, a network of widely open
shrinkage cracks, characteristics
making them favorable for:

b) surface water infiltration,
concentrated runoff, gully, ero-
sion and gravity phenomena. ¢
and d): Groundwater discharge
and water spring observed at the
landslide toe after the earth-
quake event
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Fig. 11 Geological and hydro-
geological cross-sections along
the longitudinal and transversal
profiles AA’, BB’ and CC’
(locations of the cross sections
is shown in Fig. 4) performed
from boreholes and piezometers
illustrating the lithological
structure with static water level
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cracks induced by shrinkage and swelling. This weathering
renders the clays relatively permeable, enabling precipita-
tion to infiltrate through the surface and contribute to the
formation of a perched water table. This perched water table
may play a role in the failure mechanism of the soils. During
the rainy season, the groundwater level within the landslide
rises. The majority of the water runoff and discharge follow
the steep slope in a NW-SE direction toward the lower toe.
Groundwater is then discharged, either as spring water at
the foot of the steep slope in the lower part of the landslide
or as seeps in a low depression at the lower part of the slope
toe, as depicted in Figs. 10 ¢ and d. The hydrological pat-
tern plays a crucial role in influencing the dynamics of the
landslide, particularly during periods of heightened rainfall.

The piezometric map, generated from data collected
at 15 water points (including 10 piezometers, 2 springs,
and 3 wells), reveals the presence of shallow to semi-deep
groundwater, with a static water level ranging between

@ Springer

0.29 and 7.9 m. This groundwater, located within the clay
deposits, is associated with soil saturation caused by the
continuous accumulation of water, likely attributed to the
infiltration of periodic winter rainfall. This type of ground-
water manifests in the form of pellicular water tables, com-
monly known as perched water tables, within this par-
ticular coherent formation. The presence of perched water
tables is indicative of temporary underground circulation
at a relatively shallow depth. It's essential to note that
while these estimated depths represent the maximum val-
ues, they may be minimal during wet seasons. The exist-
ence of a shallow water table increases the vulnerability
of loose deposits in the area to sliding, particularly in the
event of an anticipated earthquake. Figure 11 provides a
depiction of the lithological structure of the landslide and
the groundwater table in the landslide zone.

1) Influence of antecedent rainfall on landslides
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The shallow water table is influenced by the antecedent
or cumulative rainfall. However, the cumulative rainfall
has influenced the degree of saturation of the soil and,
consequently, played an important role in the initiation of
landslides. Figure 12a shows the rainfall events registered
by the local rain gauge, with indications of the duration
(days), the maximum value of daily rainfall (mm), and
the cumulated value of rainfall registered in the entire
event (mm). The Mila region experienced prolonged
and intense rainfall, with accumulative rainfall exceed-
ing 250 mm, accounting for 55% of the total annual rain-
fall. The peaks of cumulated precipitation over one year
ranged from the minimal 50 mm in January 2020 (54% of
the annual amount) to the maximal 300 mm (97% of the
annual amount). During the frequent and cumulative heavy
rainfall, the infiltrated water increases the groundwater
table level and the pore pressure, and decreases the effec-
tive stress of the soil, which reduces the shear strength of
the material, resulting in slope failure. However, the pore
pressure is influenced by the topography, hydraulic, and
weathering properties of the soil.
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Fig. 12 Relationship between: a) Daily average and cumulative rain-
fall prior to the earthquake from Jannuary 1 to 15 August 2020 at the
Ain Tin meteorological station in the city of Mila, and b) groundwa-
ter level fluctuations monitored by piezometers installed along the
sliding plane for the period from August 2020 to June 2021. The red
star marks when the El Kherba landslide and earthquake occurred

2) Relationship between cumulative rainfall and ground-
water level fluctuations

Understanding how rainfall influences groundwater
levels in the examined slope is crucial, given that rainfall
often serves as the main contributor to groundwater levels.
The six piezometers BP1, BP2, BP3, BP5, BP§, and BP9
installed at the bottom of the boreholes along the sliding
plane (Fig. 4), indicate a low fluctuation of groundwater
level at a depth ranging between 2.5 and 7.9 m for the period
from August 2020 to June 2021. Our realistic results show
that a high value of groundwater level is observed during
August 2020, corresponding to the period of groundwater
discharge, and then the value increases from December to
June, which corresponds to groundwater recharge (Fig. 12).
A good correlation exists between typical cumulative pre-
cipitation (Fig. 12a) and groundwater level (Fig. 12b). The
shallow depth of groundwater level is related to the satura-
tion conditions caused by continual cumulative precipitation
increasing the water content of the sliding mass, as observed
after the earthquake event through sources and springs in the
landslide toe (Figs. 10c and d), leading to a major loss in the
shear strength of the sliding zone.

Geotechnical properties: physical and mechanical
parameters

The LNHC conducted a geotechnical investigation to under-
stand its behavior of the soil constituting the slope and to
determine the geotechnical characteristics of the sliding
area. The findings, including the number of samples taken
for laboratory tests, as well as the mechanical and physi-
cal properties and statistical geotechnical parameters of the
soils, are summarized in Table 1. Table 1 indicates that the
physical and mechanical properties of the soil exhibit rela-
tively small variations within a narrow range, as reflected
in the low standard deviation values. This uniformity can
likely be attributed to the geological homogeneity of the
formations. Even though the characteristic properties of the
formation are homogeneous, the mechanical properties of
the samples from the deformation zone show significant dif-
ferences. These values are nearly half of those observed in
the other samples, suggesting a significant alteration in the
soil properties within the landslide areas. This variation is
believed to be a result of the soil in the landslide areas being
disturbed by shear zones.

Grain size distribution The distribution of grain sizes sig-
nificantly influenced the occurrence and frequency of land-
slides. In the landslide area, the soil's particulate size dis-
tribution was determined by utilizing regular sieves, fine
sieves, and a hydrometer. Table 2 presents the statistical per-
centage of grain size distributions for the lithological unit.

@ Springer
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Table 2 Grain size distribution

’ Grain size <80 um (%) Clay (%) Silt (%) Sand (%) Gravel (%)
of number of 45 samples in the
lithological units Min. value 53 33 12 6 0
Max. value 100 74 44 28 28
Arithmetic mean 91.968 63.867 19.556 13.167 3.588
Standard deviation 7.720 7.455 4.583 4.045 4.053

The analysis of grain sizes in samples taken at depths rang-
ing from 1 to 80 m revealed cohesive soil, with over 50% of
elements measuring less than 80 pm (fine fractions ranging
from 53 to 100%). This indicates the presence of silty clay
to sandy clays with the inclusion of gravel.

Plasticity characteristics: Atterberg limits and soil classifi-
cation Fine-particle soil demonstrates the plasticity and
cohesiveness required for reshaping without expansion or
fragmentation. This distinctive characteristic depends on
the quantity, mineralogical composition, and water content
(moisture content) of the fines. In the presence of increased
moisture content, clayey or silty soil becomes softer and
stickier until it loses its ability to maintain its shape, tran-
sitioning into a liquid state. This shift is characterized by
a reduction in the interaction between soil particles and
the slurry, leading to the formation of a dispersion (Barnes
2000).

According to Casagrande's plasticity chart from 1936
(Fig. 13), the soils in question are identified as inorganic
cohesive clays with high plasticity (CH), indicating a con-
siderable capacity for volume changes. The majority of sam-
ples are positioned above the A-line, signifying liquid limits
(LL) greater than 50% and a plasticity index (PI) exceeding
10. Notably, six samples fall below the A-line. Addition-
ally, eight samples exhibit moderate plasticity. There is a
discernible trend of increasing PI, best characterized by a
linear relationship with LL (R?=0.99). The liquid limits
(LL) range from 40 to 71%, while the plastic limits (PL)

range from 22 to 42% (Table 1). The PI ranges from 15 to
43, indicating very high plastic soil and being very sensitive
to the presence of water. The consistency index ranges from
0.94% to 1.63%, indicating firm to very stiff soils. Analysis
of particle size distribution data reveals that the differences
in plasticity among the samples can be largely explained by
their higher sand fraction and relatively lower clay fraction,
placing them in the category of medium plasticity. Both lab-
oratory and field investigations indicate that the main con-
tributing factor to the landslide was the altered and plastic
nature of the soft soil.

Dry densities, wet densities and degree of saturation rela-
tion From the surface to the depths, the dry (yd) and wet
densities (yh) range from 15.3 and 18.5 (kN.m™3) and 18.3-
21.3 (kN.m™?), respectively, portraying a moderately dense
state (Fig. 14). The natural water moisture content (®) con-
tents vary between 10 and 24.47%, while the degree of satu-
ration (Sr) spans from 53.73% to 100% throughout the soil
section. This indicates that the soil remains relatively wet,
even in the dry season, owing to high atmospheric moisture.
At depths ranging from 3 to 10 m, the clay exhibits dry and
wet densities of 16.8-18.5 kN.m ™ and 20.2-20.8 kN.m™>,
respectively, characterizing the soils as dense. The average
water content in this zone ranges from 12 to 15%. Notably,
piezometric surveys have identified the presence of water at
depths of 3 and 7.90 m. Finally, at depths exceeding 49.7 m,
the dry and wet density values are low at 15.3 (kN.m™>)
and 18.3 (kN.m™3). The corresponding moisture content and

Fig. 13 Atterberg limits of 50
the samples on Casagrande Low Medium Very high plasticity
Plasticity Chart. The dashed — 45 4 =
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Fig. 14 Variation of yd, yh, W, and Sr values with depth

degree of saturation are high, with values of 15% and 100%,
indicating a condition of low density and high saturation
(Fig. 14).

Shear strength parameter A landslide occurs when the
soil surpasses the maximum shear stress it can withstand.
Consequently, shear strength becomes a crucial parameter
in understanding soil behavior. It is intricately linked to the
soil's resistance to sliding along internal surfaces within the
mass, making it a pivotal mechanical property in assessing
landslide probability. The shear strength of soil is notably
influenced by its water content, and most failures involve
shear-type failures due to the movement of tiny soil particles
when loaded. Key parameters defining shear strength include
cohesion (c) and the internal angle of friction (¢) of the soil.
The cohesion and angle of friction values are crucial factors
in determining the shear strength of the soil, where higher
values signify improved shear strength (Barnes 2000).

In this investigation study, shear strength properties (c
and ¢) were determined using the widely employed direct
shear test and triaxial tests, suitable for all samples collected

during the dry season (Table 1). The results from the uncon-
solidated undrained triaxial test indicate that cohesion (Cuu)
and internal friction angle (®uu) of soil materials fall within
the ranges of 28.8 to 77.7 kPa/m* and 2° to 5.4°, respec-
tively, with averages of 60 kPa/m? and 3.55° (see Fig. 15).
Conversely, in the consolidated drained test, these param-
eters range from 10 to 51 kPa/m? and 11° to 40°, with aver-
ages of 33.4 kPa/m* and 18.21°.

Results from the direct shear test reveal lower values of
cohesion (Cu) and angle of friction (®cu) in the range of
10 to 20 kPa/m? and 14° to 21°, respectively, for depths
between 3 and 52 m. In contrast, depths of 25 to 60 m exhibit
higher values, with Cu> 31 kPa/m? and ®cu > 18°. Notably,
gravelly and sandy clays at depths of 3 to 5 m (boreholes
B3 and B4) display low cohesion (10<Cu< 13 kPa/m?),
while plastic clays at a depth of 25 m (borehole B3) exhibit
cohesion around Cu= 10 kPa/m>. The presence of weak-
resistance interlayers may contribute to the development of
shear surfaces. The geotechnical characteristics of this soil
suggest susceptibility to landslides, particularly local flows
during earthquakes or heavy rainfall. The noted low residual

Fig. 15 Variation of the cohe-
sion (c) and the internal angle
of friction (¢) parameters values
of a soil with depth
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shear strength of the soils diminishes the resistance force
of slope materials, consequently reducing the safety factor.

Consolidation, compressibility and classification The
oedometer test reveals a coefficient of compressibility (Cc)
ranging from 11.33% to 32.64%, indicating a relatively
compressible soil. For the surface layer composed of sandy
to gravelly clay, Cc values range from 12.49% to 24% at
depths from O to 25 m (Fig. 16). Additionally, the coeffi-
cient of swelling (Cg) varies between 2.34% and 12.24%,
classifying the soil as swelling. The values of consolida-
tion pressure (Pc) range from 95 to 213 kPa, indicating an
overconsolidated soil. In the case of altered brittle clays, the
B3 survey at a depth of 60 m shows a Cc value of 32.64%,
signifying a compressible soil, and a Cg value of 8.33%, sug-
gesting potentially swelling soil. The consolidation pressure
Pc =164 kPa characterizes overconsolidated soil. The results
from the oedometer test collectively indicate that the soils
are compressible to highly compressible, overconsolidated,
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Fig. 16 Variation of the consolidation and compressibility parameters
with depth

and have the potential for swelling. The MPT test further
reveals a deformation modulus varying between 1.17 MPa
and 45 MPa, with an average of 11 MPa, and a pressure limit
(P1) ranging from 0.38 MPa to 2.76 MPa, with an average
value of 1.33 MPa. These values clearly indicate the pres-
ence of soft clay.”

Failure mechanism

The estimation of the deformation mechanism in the unsta-
ble area at El Kherba was derived through a combination of
theoretical insights obtained from literature and practical
testing, specifically pressuremeter tests and numerical simu-
lations. These tests were employed to gauge the geometrical
characteristics of landslides.

Geometrical setting of landslide

In the study area, the volume of the El Kherba landslide was
estimated using empirical relationships from various sources
in the literature (Table 3). This volume information served
several purposes: (i) calibration of test results with available
data; (ii) particularly calibration of test results for the depth
of the sliding surface obtained from inclinometers; and
(iii) characterization of the failure mechanism, specifically
the internal structure of slope deformations. The obtained
results indicate that the volume ranges from 36 169 461 m*
to 70 215 070 m>, with an intermediary value around 43 000
000 m>. Using these results, the depth of the sliding surface
(Dd) was determined from the relationship V=xnLdDdWd/6
of Cruden and Varnes (1996), where Ld represents length,
Dd represents depth, and Wd represents width. The obtained
Dd values range from a minimum of 25 m to a maximum
of 48 m, with an average of 40 m (Table 3). According
to the classification by Cruden and Varnes (1996), these
results suggest a deep landslide. However, these results are

Table 3 Estimation of the D
geometrical characteristics

(volume and depth) of the

El Kherba landslides using

empirical relationships available

in the literature

Equation Volume V (m?) Depth of sliding Source
surface
Dd=6 V/ zLdWd
(m)
(Cruden and Var-
nes 1996)
1 V.=0,1479 x A, 368 43 600 425.282 30.295 Simonett (1967)
2 V=12,273x A 07 37248 367.917 25.881 Haflidason et al. (2005)
3 V. =0,00004x A, 1 47298 169.139 32.864 Korup (2005)
4 V=0,106x A, 38 41557 732.743 28.876 Parker et al. (2011)
5 V =0,0844 x A 14324 62312 681.381 43.297 Guzzetti et al. (2008)
6 V. =0,074x A, 4% 70 215 069.577 48.788 Guzzetti et al. (2009)
7 0.146x A 1332 25784 909.238 17.916 Larsen et al. (2010)
8 V=1,0897x A 248 36 169 460.866 25.132 Xu and Rutledge (2016)

A, landslide area, V; volume, Ld length, Dd depth, Wd width
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inconsistent with inclinometer measurements, which indi-
cate a depth of the failure surface ranging from a maximum
of 78.5 m to a minimum of 1.5 m. The inclinometer results
are deemed unreasonable, suggesting an incomparable depth
of the sliding surface in the three zones of the landslide
(head, median, and accumulation).

Deformation zone determination using MPT

As illustrated in Fig. 17, the results of the Ep and P1 val-
ues exhibit comparability, indicating relatively low varia-
tions across all boreholes with homogeneous deformations.
This consistent behavior can be attributed to the geological
homogeneity of the formations under study. The findings
consistently reveal that the deformation modulus of the soil
mass increases proportionally with its depth. Within the data-
base, the minimum deformation modulus (Ep) is recorded at
1.17 MPa, while the maximum value reaches 44.878 MPa.
The values of the pressure limit (P1) vary between 0.38 and
2.766 MPa. Most measurements of Ep range between 5 and
15 MPa. The testing depths, ranging from a minimum of 16 m
to a maximum of 30 m, are almost uniformly distributed.
Based on the results of Ep and PI, the soil is classified as very
soft according to Algerian seismic regulations (RPA 2003).

To ascertain the probable sliding surface depth using the
MPT, weak zones (deformation zones) characterized by low
values of Pl were identified and subsequently connected to
one another to form a continuous plane. This connection was
established by aligning the pressuremeters in the NW-SE
landslide direction (Fig. 4). The outcome of this process was
the determination of a specific plane based on the results of
the MPT, as depicted in Fig. 17.

The connection between the pressuremeters was con-
ducted following the alignment of the pressuremeters

in the NW-SE landslide direction. As a result of this
process, a specific plane was determined based on the
results of the MPT. The hypothesis is that the movements
contributed to a reduction in the strength of this particu-
lar zone. Despite the characteristic properties of the for-
mation being similar, variations in strength values were
noted. The pressuremeter results indicate a deep defor-
mation, with the sliding surface situated at a depth rang-
ing from 10 to 15 m along the clay bedrock. Moreover,
the rupture surface is positioned below the water table
level. Furthermore, as illustrated in Fig. 18, the possibil-
ity of multiple superimposed failure surfaces cannot be
dismissed. These surfaces may extend to a depth of 25 m,
indicating composite sliding with several sliding surfaces
superimposed.

The results from the pressuremeter tests demonstrated
a close correspondence between the sliding surface
(deformation zone) identified in the El Kherba landslide
and the failure depths calculated using empirical rela-
tionships outlined in existing literature. In addition, the
results obtained from laboratory tests confirm, validate,
and support the findings from the field tests. The physi-
cal and mechanical properties of the deformation zone
approve the presence of a plastic, saturated, weak- resist-
ant, and overconsolidated soil with high compressibility
and a significant potential for swelling. This observed
variation is believed to be attributed to the shear zone,
which induces soil degradation in faulty sections. Fur-
ther evidence from boreholes indicates the presence of
both thin and thick, weak interlayers composed of altered
and plastic clays with low shear strength characteristics.
Moreover, the frequent earthquakes in the area are iden-
tified as additional contributing factors to the observed
deformation.
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Fig. 17 Ep, Pl and Ep/Pl values from pressuremeters tests
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Fig. 18 The connection between the pressuremeters following the alignment of the pressuremeters profiles. The black dotted points indicate the

probable slip surface

Numerical results

For numerical modeling, the recorded acceleration of the
seismic event was applied to the slope model. The accelera-
tion time histories used were recorded at the nearby BBH
seismic station which is located at a hypocentral distance
of 5 km. The N-S and E-W horizontal acceleration peaks
(PGA), are significant, reaching a value of 0.23 g during
the earthquake. While the vertical acceleration peaks (PGA)
reached 0.24 g, slightly exceeding the horizontal accelera-
tion. The acceleration was applied to the numerical model
in the horizontal direction. Furthermore, the horizontal
peak ground acceleration near the surface of the landslide

@ Springer

is greater than that at depth (Fig. 19). After configuring the
model’s input parameters, deterministic analyses were per-
formed to determine the slope stability associated with the
combination of earthquake and rainfall. The numerical simu-
lation analyzes the probability of failure (FS) of the slope
related to the changes in the pore water pressure caused by
groundwater level (rainfall) and earthquake. The factors of
safety (FS) and sliding surfaces were depicted before and
after the earthquake for section AA' (Fig. 20). The results
illustrate that the mean value of FS was greater than 1.5
before the earthquake. However, the mean value of FS
decreases to less than 1.5 after the earthquake. The results
demonstrate that the groundwater level led to an increase in
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Fig.20 The numerical simula-
tion results depict the safety
factor (Fs) and the sliding
surface of the selected cross
section: a) before and b) after
the earthquake
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the pore water pressure ratio and a decrease in the factor of
safety by approximately 1.48 times. The pore water pressure
ratio increased from O before and during the earthquake to
0.286 (Fig. 21), with the factor of safety (FS) value reduced
from 1.684 to 0.961. When the pore water pressure ratio
reached its high value, the FS value decreased from 1.684
to 0.945. Additionally, the analysis results revealed that
the studied slope iniated to instablility around 7:30 a.m. on
August 7th (after earthquake), when the FS value dropped
below one. Subsequently, when the pore water pressure
ratio reached its maximum value (Fig. 21), the deformations
intensified and propagated over a distance of 2 km towards
the downstream part by 10:00 p.m. The variation in pore
water pressure caused by precipitation and its influence on

instability is really effective. These findings are consistent
with those obtained from field observations. Consequently,
landslide occurrences are inevitable in this area following
rainfall and earthquake. The potential slip surfaces shown
in Fig. 20 indicate that the entire study area is susceptible
to deep sliding. As a result, structures located in this area
along section AA' experienced significant deformations,
reaching near-collapse and collapse levels, as observed from
the damages incurred after earthquake, where the lowest FS
(=1) has been obtained from numerical analysis. Numeri-
cal simulations suggest that failure is likely to occur within
the deep part of the landslide under earthquake conditions.
These results are in accordance with those obtained from
pressuremeter tests and empirical measurements (Fig. 22).
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Fig.21 The numerical simulation results depict the evolutions of pore water pressure ratio in the process of landsliding: a) before and b) after

the earthquake
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Fig.22 Comparison of the distribution areas of coseismic landslides
induced by the August 7th, 2020 (Mw 4.9) Mila earthquake with
coseismic landslides worldwide: (a) Comparison of area affected by
coseismic landslides with upper bound limits of Keefer (1984) and
Rodriguez et al. (1999) and (b) comparison of maximum epicen-

The arrival time of the mainshock is approximately
15 s, and its duration is about 30 s. The majority of the
seismic energy is released within the first 20 s, causing
slope loading without immediate instability due to the
earthquake's short-duration movement. The initial defor-
mations were observed in the upstream part of the slope
15 min after the seismic shock. Subsequently, the defor-
mations intensify and propagate towards the downstream
part, moving downhill along the slope after nine and a half
hours. As time progresses, the velocity of the sliding body
gradually diminishes due to the decreasing intensity of the
earthquake and the dissipation of energy. This includes
friction energy, collision energy, and deformation between
the inter-particle system and particle—wall system, as well
as a decrease in the pore water pressure ratio. \
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tral distance to coseismic landslides with the upper bound of Keefer
(1984) and data of Rodriguez et al. (1999). Data from Keefer (1984)
are from coseismic landslides events occurred before 1980, and from
Rodriguez et al. (1999) are from earthquake events occurred from
1980 to 1997

Discussion and conclusion

Deep-seated disastrous landslides characterize substantial
and rapid movements of earth and rock, often involving
rock avalanches, with the potential to cause widespread
devastation. These events are frequently triggered by
severe earthquakes, inducing numerous mass movements
of various sizes. The intricacy of large, deep-seated land-
slides is reflected in the challenge of identifying their cru-
cial pre-failure conditions and predicting future actions.
This poses a significant concern for scientists. In recent
studies, multiparameter monitoring, physically based
models, landslide geotechnical analysis, and landslide
inventory mapping using field geological survey and
remote sensing technology have emerged as valuable and
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promising approaches enabling improved qualitative and
quantitative analysis of landslides, especially on a larger
scale (Tang et al. 2016; Su et al. 2017; Huang et al. 2018;
Huang et al. 2018; Dai et al. 2019; Li et al. 2020; Chen
et al. 2021; Zou et al. 2021; He et al. 2021; Xia et al.
2021; Bourenane et al. 2022; Bahmani et al. 2022; Ke
et al. 2023; Dong et al. 2022). However, these multi-com-
bination reconnaissance methods, require comprehensive
data on geological structures, groundwater conditions, and
geotechnical properties for accurate predictions and effec-
tive assessment of landslide susceptibility.

The present study employs a highly recommended
approach for large-scale areas and provides detailed, accu-
rate, and comprehensive inventory mapping and geotech-
nical characterization of large and deep landslides under
various geomorphological and geological conditions.
This objective is achieved through methodologies based
on detailed geomorphological field investigation, satellite
image interpretation, deep boreholes equipped with piezom-
eters, laboratory tests, and in situ tests. The obtained results
not only enhance our understanding of identifying and map-
ping complex landslides induced by earthquakes but also
contribute valuable insights for reducing landslide hazards.

The obtained inventory map indicates that the entire
active zone covers a surface area of 156,5 hectares, extend-
ing over approximately 2,166 km in length, with a width
varying from 0.40 to 1.80 km. This landslide is classified as
an earth slide type, involving a large and thick earth mass of
clay moving down a slope. Geomorphological field mapping
revealed a large and deep-seated morphological deforma-
tion related to: (i) the low stability slopes that the seismic
strengths reducing the shear strength of the soil; (ii) a partial
reactivation of preexisting landslide deposits; (iii) Miocene
clays at the surface highly weathered and intersected by a
network of open retreating fissures; and (iv) the influen-
tial role of unplanned urbanization and uncontrolled urban
expansion in the development of the slide.

The initiation and reactivation of the El Kherba large,
deep-seated landslide resulted from a combination of long-
term and short-term triggering factors (including antecedent
rainfall and the earthquake) and a susceptibility factor such
as geomorphological, geological, hydrogeological, and geo-
technical characteristics.

Seasonal intense rainfall and the accumulation of rainfall
over time are crucial factors in the increase in the water con-
tent and pore pressures of clayey-marl soil and are therefore
the origins of both the initiation and reactivation of land-
slides. It seems that the slope mass movement was closely
related to the amount of rainfall, where the monthly rainfalls
(January to August) during the activation of the landslide
(2020) were all greater than the average annual values. Dur-
ing the period before the earthquake event, repeated rainfall
episodes were characterized by high-intensity cumulative

precipitation (as shown in Fig. 12). The cumulative peak
rainfall reached 300 mm, which corresponds to the high-
water level. The low depth of groundwater level determined
from piezometers for this short period confirms its rela-
tionship with the cumulative precipitation that has highly
influenced landslide initiation and reactivation in specific
geological conditions. Furthermore, the presence of previ-
ous landslide deposits, combined with antecedent rainfall,
contributed to the amplification of the large landslide event.

The effect of earthquake event on the initiation and fail-
ure of landslides in the study area is controlled by three
main aspects, i.e., acceleration amplification, magnitude,
and epicentral distance. The acceleration, frequency con-
tent, and amplitude of the seismic signal can influence the
type of landslide. Higher accelerations and lower frequency
signals can lead to deep-seated or large-scale landslides
(Jibson et al. 1994). Figure 19 indicates that the Mila earth-
quake is characterized by high acceleration, high amplitude,
high frequency, and a short duration. The magnitude of the
earthquake has a positive correlation with the size of the
resulting landslide. Larger earthquakes with higher magni-
tudes tend to trigger larger landslides due to the increased
energy released. Despite the relatively small size of the Mila
earthquake (Mw 4.9), the recorded horizontal and vertical
acceleration peaks (PGA) are significant, and causing a large
and deep-seated landslide. The observed PGA amplifica-
tion effect in the El Kherba slope is due to the local mor-
phological, geological, hydrogeological, and geotechnical
conditions. In addition, the landslide inventory map resulting
from the Mila coseismic landslide is compared with those
relative to other earthquakes worldwide (Keefer 1984; Rod-
riguez et al. 1999) using two parameters (Fig. 20a): mag-
nitudes and landslide area. The inventory carried out by
Keefer (1984) and Rodriguez et al. (1999) indicates that,
despite the wide dispersion of values, the area affected by
slope movements is of the order of 2 km? for a magnitude
of 4.9 and could reach nearly 500,00 km? for a magnitude
of 9.2. Additionally, according to the area of the landslides
in relation to the magnitude of the earthquake, the area of
the landslides caused by the Mila earthquake (Fig. 20a) is
also comparable to worldwide landslide-affected areas sug-
gested by Keefer (1984) and Rodriguez et al. (1999). As
the distance from the epicenter increases, the likelihood of
landslides decreases. As illustrated in Fig. 20b, this land-
slide occurred 14 km from the epicenter, fall within the
upper margin established using data from other worldwide
earthquakes by Keefer (1984) and Rodriguez et al. (1999).
Following Keefer (1984), at such a distance, an earthquake
magnitude of Ms > 5.5 is required. This underscores the high
susceptibility of the landslide-prone area in Mila. However,
the area and type of induced landslide in a particular area
depend on its distance from the seismogenic fault as well as
the magnitude and depth of the earthquake.
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Moreover, the bedding structure of the lower soil slope
with a thin and thick interlayer of plastic and altered clays
has a direct effect or influence on the rock slope's instability
because it's easy for a shear-slipping surface to form along
weak interlayers. In addition to the lithological site effect
associated with the presence of weathered plastic deposits,
the site is situated on a small hill characterized by a con-
trasted relief with breaks in the slope. This topographical
configuration likely led to significant amplifications.

The distribution of grain sizes in soil or rock materials
plays a crucial role in determining the behavior of landslide
movements, particularly the subsequent increase in pore
pressure following failure. Samples characterized by finer
grain sizes or higher proportions of fine particles are more
prone to failure and can retain elevated pore pressure as they
move. This underlines the significant influence of grain size
and fine particle content on the mobility and behavior of
earthquake-induced landslides. Both experimental data and
field inspections consistently point to the prevalence of land-
slides in areas with clayey soils containing silty (19%), sandy
(13%), and gravelly (3%) inclusions. The presence of these
inclusions within clayey soils contributes to instability and
susceptibility to landslides in such areas. An increase in the
amount of pulverulent grains, particularly with a higher sand
fraction, can disrupt drainage, elevate pore water pressure,
and disturb the stability of the masses, thereby increasing
the likelihood of landslides, especially during events such
as earthquakes or heavy rainfall. An increase in clay content
tends to result in higher internal friction but lower cohesion.
This combination can enhance the potential for landslides, as
clay-rich soils may have higher internal resistance to shear
due to increased friction but may lack the cohesive strength
necessary to hold soil particles together.

Slope stability is predominantly governed by the friction
angle (¢) of the soil, and in cases with minimal cohesion,
sudden failure can occur. Exceeding critical moisture levels
in the soil substantially elevates the risk of rapid movement
and failure. To evaluate saturation levels and failure risk, the
moisture content of the slope is commonly contrasted with
the liquid limit values in the layers most prone to failure.
This analysis helps gauge how close the soil is to becoming
fully saturated, potentially leading to landslides. The obser-
vation that the natural moisture content () is very close to
the liquid limit value is noteworthy, particularly in a humid
and rainy study area. The average liquid limit values in the
study area ranged from 40 to 71%, while the moisture con-
tent varied from 10 to 24%. This indicates that landslides
are more likely to occur after heavy rainfall. During these
periods, the soil's water content may exceed the liquid limit,
significantly reducing its stability. The progressive saturation
of the soil with water, favored by the infiltration and deep
seepage of spring water, resulted in a landslide following a
period of heavy rainfall during the rainy season.

@ Springer

Shear strength is indeed a critical factor in landslides.
Soils with high shear strength can effectively stabilize slopes
and resist failure. Conversely, an unstable slope can lead
to short-term or long-term consequences, depending on the
shear strength of the soil. It's crucial to note that the shear
strength of materials does vary with changes in water con-
tent. High water pressures are a major contributing factor
to slope failures and most landslides in the Mila province
during rainstorms. The increase in water pressure dimin-
ishes effective stress, consequently reducing shear resist-
ance. In the study area, the soils demonstrated significantly
low shear strength values when saturated with water. During
the rainy season, the maximum values of effective cohe-
sion and angle of friction were measured at 60 kPa/m* and
4°, respectively. In contrast, for the dry season samples, the
maximum effective cohesion and effective angle of friction
values were reduced to 33 kPa/m? and 18°, respectively. The
noted decrease in strength during wet conditions is a key
factor contributing to failures in the study area, especially
during the rainy seasons.

Findings from undrained triaxial cyclic loading tests sug-
gest a high potential for generating excess pore-water pres-
sures in the material during seismic loading. The direct shear
test further revealed that disturbed soils exhibited an average
cohesion of 33 kPa/m? and internal friction of 18°, signi-
fying poor structural and shearing strength, rendering the
soil susceptible to re-occurrence. Additionally, the presence
of weak-resistance interlayers may serve as shear surfaces.
The results of the odometric test indicate that the soils are
compressible to highly compressible, overconsolidated, and
possess the potential for swelling.

In this study, pressuremeter tests were employed to deter-
mine the depth of the deformation zone. A previous study
(Agan and Unal 2013) highlights that landslide can dimin-
ish the strength parameters of the soil through which they
occur. Thorough investigations were initiated to estimate the
boundaries of the moving surface depths through the assess-
ment of strength reduction along the borehole. To identify
the deformation zone using pressuremeter tests, testing
depths with low Pl and Ep values were connected (Agan and
Unal 2013). The hypothesis was that this deformation zone
could potentially represent the depth of the landslide. The
results of the pressuremeter tests led to the identification of
a specific area through this process. Subsequently, the prob-
able depth of the deformation zone determined through pres-
suremeter tests was compared with depths obtained using
empirical relationships from existing literature. Figure 17
illustrates that the depths of the deformation zone, as deter-
mined by MPT, aligned well with those calculated using
empirical relationships found in the literature.

The laboratory test results align with the field find-
ings, confirming the physical and mechanical properties
of the samples within the deformation zone. The identified
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characteristics depict a plastic, saturated, weak-resistant,
and overconsolidated soil with high compressibility and a
substantial potential for swelling. This variation is attrib-
uted to the shear zone, inducing soil degradation in faulty
sections. The study reveals a deep-seated and large land-
slide exhibiting a complex failure mode. The upper part of
the earth slope initially deformed due to its weak geotech-
nical characteristics and slid along its geotechnical inter-
face. Notably, the MPT proved effective in estimating the
depth of the sliding surface and understanding the slope
failure mechanism. The slip zone identified through the
pressuremeters coincided with the failure depths obtained
from laboratory tests, and calculations using empirical
relationships available in the literature. However, a pri-
mary limitation of this study is acknowledged, stemming
from the limited number of inclinometer and pressurem-
eter boreholes, along with the quality of monitoring and
measurements of the inclinometer. To enhance the reliabil-
ity of future studies, it is advisable to increase the number
of inclinometer boreholes and prolong monitoring.

The numerical simulations analyze the probability of
failure of the slope related to the changes in the pore water
pressure caused by rainfall and earthquake. They provide
comprehensive information on the characteristics and the
failure mecanisms of the El Kherba landslide. The results
indicate that failure is likely to occur within the deep part
of the landslide under earthquake conditions. These find-
ings align with the results obtained from pressuremeter
tests and empirical measurements.

As aresult, the current findings are anticipated to make
a noteworthy contribution to the existing literature, par-
ticularly considering the absence of references to prior
attempts utilizing laboratory tests, pressuremeter tests,
and field investigations to determine a failure mechanism,
especially the location of a slip surface. This research is
crucial for advancing our knowledge of landslide pre-
diction and helping to establish effective strategies and
measures for risk mitigation in areas susceptible to such
geological events.
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