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Abstract

On 7th of August 2020, a M,, =4.9 earthquake occurred in Mila province (Northeast Algeria). Consequently, more than 2000
houses were indirectly affected (partially damaged or collapsed) within 10 km from the earthquake’s epicenter, in the locality
of El Kherba. According to field surveys conducted 3 days after the earthquake, damages and casualties were directly linked
to an earthquake-induced landslide that occurred after the main shock. This was evidenced by numerous cracks in the site’s
soil mainly perpendicular to the landslide direction. Local characteristics (i.e., geology, geomorphology) and anthropogenic
activities expose this area to landslide hazard. This study shows the reliability of the ambient noise horizontal to vertical
spectral ratio (HVSR) method in the characterization of an active landslide. Ambient noise records were processed through
spectral ratio techniques to identify the landslide’s geometry based on spectral responses analysis. The obtained results
allowed the landslide’s slip surface mapping and boundary delineation, which correlates well with the field observations.
After the rotation of the signal’s horizontal components, large variations in the experimental spectral ratios, in both amplitude
and direction, revealed site effects (soil remoulding, crack network) on the soil dynamic behavior.

Keywords Earthquake-induced landslide - Horizontal-to-vertical spectral ratio (HVSR) method - Site effects - Landslide
hazard - Northeast Algeria

Introduction

On August 7, 2020, shallow moderate earthquake of
M,,=4.9 and 19 km focal depth occurred in Mila province in
the Eastern Tellian Atlas of Algeria (Fig. 1). Two hours after
the origin time of the earthquake, an earthquake-induced
landslide occurred in El Kherba city at about 10.76 km
from the epicenter (Fig. 1). The area was not recognized as
a landslide prone area prior to that date. Subsequently, the
landslide resulted in severe ground deformations, as well as
damages to buildings (i.e., collapse and tilting) roads and
sidewalks (i.e., deformation and subsidence), and important
infrastructures. As a result, more than 750 families were
affected and displaced.
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The available earthquake catalogs indicate that many
earthquakes of similar magnitude have occurred in North-
ern Algeria (Harbi et al. 1999; Benfedda et al. 2020). The
October 27, 1985 earthquake of M;=5.9 in the Eastern
Tellian Atlas was the largest instrumentally recorded in the
region (Ousadou et al. 2013). Harbi et al. (2003) have clearly
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Fig. 1 Geo-lithologic map of 220000
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Mila province. The red square
represents the study area where
El Kherba village is located.
The red star marks the main
shock located 10.76 km from
the study area. 1: alluvium, 2:
clay, 3: kaolin clays, 4: lime-
stone, 5: marly limestone, 6:
flint limestone, 7: dolomites, 8:
sandstone, 9: gypsum, 10: marl
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reported that this region is characterized by low-to-moderate
seismicity (M < 6.3) as a result of the ongoing compres-
sional tectonic setting caused by the African-Eurasian plate
convergence (Yelles-Chaouche et al. 2006). It is worth men-
tioning that, based on available earthquake catalogs, prior
to the occurrence of August 7, 2020, Mila region had never
experienced a locally generated earthquake of tectonic ori-
gin. However, thousands of microearthquakes, that are rec-
ognized as induced seismicity (Semmane et al. 2012) due to
human activity (water pumping), have been reported.
Several studies have investigated the landslide phenom-
enon worldwide (e.g., Sato and Harp 2009; Sassa et al. 1996;
Chousianitis et al. 2014; Martino et al. 2019; Delgado et al.
2011). Due to the fact that landslides can occur as a result
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of predisposing and triggering factors (e.g., regional geo-
morphological, gravitational, geotechnical, climatic, geo-
logical and seismotectonic conditions), several regions in
northern Algeria are defined and recognized as landslide
prone areas (Ogila et al. 2021). For instance, the most well-
known landslides triggered by an earthquake are: Kher-
rata landslide in 1949 (Gabert 1984), Boumerdes landslide
(May 21, 2003) (Machane et al. 2004), Laalam landslide
on March 20, 2006 (Guemache et al. 2010), and the most
recent landslide of August 7, 2020 in Mila province. In this
area, few studies have focused on the major development
challenge that local ground instabilities present. However,
Marmi et al. (2008) highlighted that the landslide hazard
presents a major threat to this region’s inhabitants, buildings,
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and other infrastructures. Moreover, Merghadi et al. (2018)
compared machine-learning methods and demonstrated their
effectiveness in landslide susceptibility assessment in Mila
region. Globally, one pioneer piece of work in this field is
Keefer (1984), where 40 historical landslides were studied,
characterized, and correlated with earthquake magnitude
and epicentral distance from the earthquakes that triggered
associated landslides. Additionally, based on the data from
their work, Keefer and Wilson (1989) were able to develop a
regression equation to derive the landslide surface as a func-
tion of earthquake magnitude. The latter work was updated
by Rodriguez et al. (1999) using a larger database, along
with some adjustments on correlations, and obtained similar
results.

Further attempts to predict earthquake-induced landslides
areas were accomplished. To exemplify, Jibson (1993) sug-
gested the use of the Newmark method of landslide mod-
eling, which estimates the displacement as a function of the
critical landslide acceleration and seismic shaking intensity.
He stated that the suggested method provides significantly
more useful information than pseudo-static analysis and is
considered to be more practical than finite element mod-
eling. However, finite element approaches are still used due
to their simplicity (Islam et al., 2019).

Landslides are complex phenomenon and require the use
of numerous surveying tools (e.g., drilling, inclinometer,
INSAR, geophysics, global positioning system) to under-
stand their genesis, mechanism, and impacts. Classical
geophysical exploration methods (e.g., seismic refraction,
electrical resistivity tomography), which are non-destruc-
tive, are widely used in slope stability studies (Jongmans
and Garambois 2007; Pazzi et al. 2019), to enable a rela-
tively correct characterization of unstable zone geometry
(depth and lateral extension). Nevertheless, these methods
are expensive and time consuming making their implemen-
tation difficult, especially in rugged areas. These limitations
can be overcome by relying on the horizontal to vertical
spectral ratio (HVSR) method of ambient noise, which is
simple, inexpensive, and rapidly implemented than previ-
ously mentioned methods. This technique has previously
been applied in Algeria as well as worldwide, to identify
unstable areas based on spectral response analysis (Hellel
et al. 2013). Meziani et al. (2017) pinpointed that the combi-
nation of HVSR and geotechnical data allows the identifica-
tion of landslide geometry.

This work discusses local landslide phenomena in the
Mila region based on field observations and noise meas-
urement data collected 3 days after the earthquake in the
affected area and their interpretation. The aims are: (a) a
better understanding of the landslide predisposing and trig-
gering factors in El Kherba city, (b) identification and char-
acterization of the August 7, 2020 landslide using the HVSR
of the ambient noise measurements, and (c) validation of the

obtained results with geological and geotechnical data and
field observations.

Geological and geotechnical setting
of the study area

North-eastern Algeria is part of the Maghrebides mountain
chain that forms the western Mediterranean belt. This chain
is derived from three paleogeographic domains that extend
from North to South: the internal domain, the flysch domain,
and the external domain.

The study area is located in the Mila basin part of the
external domain of the North Eastern Algeria Alpine chain.
It is a vast depression of approximately 40 km wide and
120 km long, filled with Neogenic deposits, which overlay a
substratum, formed of flysch thrust sheets formations that are
generally allochthonous (Coiffait 1992). The geological for-
mations in the Mila region, are represented by a Mesozoic:
Triassic evaporites, Jurassic carbonate formations (Durand-
Delga 1955), Cretaceous marls, and marly limestones under-
laying Paleocene—Eocene black marls (Fig. 1). The Miocene
and Pliocene formations are predominately characterized by
detrital and evaporitic deposits. These deposits show sig-
nificant spatial extent and are mainly composed of clay or
marl. Sandstones, lacustrine limestones, gypsiferous marls,
and conglomerates are also present (Coiffait 1992). These
Neogene formations display the following characteristics:

e Lacustrine limestone between 50 and 100 m thick in
some places (Durand-Delga 1955) with an infiltration
potential that allows the soil to be saturated by water,
which favors steep slope destabilization.

e Poor lithological and geotechnical characteristics (low
shear strength and cohesion) of clay and marl forma-
tions, constitute predominant and predisposing factors
including a shrinkage-swelling phenomenon (Athmania
et al. 2010). These characteristics increase the region’s
vulnerability to landslide hazard. Quaternary deposits are
also present in the valleys, represented by gravels and
silty sandstone.

The preliminary results of an unpublished report of in situ
and laboratory tests conducted by the National Laboratory
for Housing and Construction (LNHC) for the entire Mila
region, allowed the identification of two geotechnical units:
a clay formation overlying marl bedrock (Zouaoui 2008)
(Fig. 2a). The clay formation is sometimes described as
silty or sandy for the first two meters, within which gypsum
inclusions are found, and its thickness varies from 20 to
38 m. The upper most subsurface unit is characterized by
shear velocities of about 100 m/s for depths ranging from
0 to 10 m and 170 m/s beyond 10 m. While density values

@ Springer



46 Page4of16

Environmental Earth Sciences (2022) 81:46

200 400

600 800

n Shear wave velocity (m/s)
0

Fig.2 a Geotechnical model showing the variation of the shear wave velocity as a function of depth in the two lithological units, b photo taken
in the landslide body, showing the anchoring of a new construction in the remoulded part of the clay layer

range from 1.5 to 1.7 (KN/m?), a water saturation higher
than 87% and a plasticity index (PI) ranging from 35 to 40%.
These geotechnical parameters indicate a low-density plastic
soil, with a high water saturation percentage and swelling
potential. The marl formation, situated at an average depth
of 30 m, is considered in the current work as geotechnical
bedrock since it has a shear velocity varying from 500 to
615 m/s, and a dry density between 1.93 and 2.1 (KN/m?).
The latter formation is marked by a medium to low plasticity
with PI ranging from 5 to 10%.

El Kherba landslide
Analysis of geological field data

El Kherba city is located about 2 km southwest of Mila city,
at an average altitude of 620 m, on sloping terrain with an
average angle of 14° dipping toward the north. The built
environment is constructed on top of silty clay soil (Fig. 2b).
Two main typologies of buildings visibly dominate the local-
ity. First, the traditional one-story houses built of local cut
sandstone. Second, recent buildings made of concrete with
more than one floor. According to an interview done with
residents, most of the buildings are anchored at a depth
not exceeding 2 m, meaning they are founded in the clay
formation.

No effects (cracks or other damage) were reported directly
after the earthquake. Nevertheless, it was only a few hours
after the main shock that the cracks started to develop and
propagate, resulting in toppled houses. Indeed, in all sur-
veyed sites, the buildings were suffering from structural
damage of varying degrees (Fig. 3a, b), resulting in a total
collapse even the more recently built houses. Fortunately,
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no casualties were reported. The landslide also caused road
subsidence in some parts of the locality (Fig. 3c) and the
failure of the sewer network (Fig. 3d). Plus, it caused serious
damages to crucial structures like a water tower (Fig. 3e)
located at the landslide’s crown (Fig. 4a).

In addition to the damage caused to the buildings, the
landslide caused significant cracks on the ground surface
along more than 2 km. Directional rose diagram devel-
oped based on field data indicates two predominant trends
(Fig. 4b). Most of the observed cracks in the ground sur-
face of the landslide body have trend directions of mainly
N55 and N75. Also, less frequent trends in the directions of
N25, N135, N165, and N10 were reported. In the field, the
N55 and N75 directions are obvious and dominate the other
trends and generally can be defined as parallel ‘en-echelon’
cracks (Fig. 5a). These cracks are located in the upstream
part of the landslide, with maximum lengths of 20 m and
openings with a width varying between 10 and 20 cm and
up to 80 cm deep. Additionally, the cracks do not manifest
any vertical throw, as they are located on a low slope and
tend to be horizontal.

Further down, the main trends (i.e., N55 and N75) show
significant fissures with lengths up to 200 m (Fig. 5b). They
are observed continuously from uphill to downhill and
are perpendicular to the main landslide direction (South
to North). Also, they vary in width and depth of openings
from few centimeters to few meters (Fig. Sc, d). The N25
and N135 directions mainly exist in the middle part of the
landslide, as well as near its flanks. These cracks have a
length of few meters, with openings ranging from few cen-
timeters to few meters and few centimeters deep. The cracks
of the N10 and N165 directions characterize the landslide
flanks and tend to be parallel to them. Moreover, cracks of
these trends are longer relative to the others. Some of these



Environmental Earth Sciences (2022) 81:46

Page50f16 46

Fig.3 Photos a, b show the
damage caused by the landslide
to the structural elements of
the houses, ¢ Subsidence and
horizontal displacement of a
road, d Rupture of a sewer pipe,
e cracks in the water tower and
increase of the opening at the
rupture joint

cracks reached several hundred meters, with openings in
upheaval zone form, reaching 6 m in width in some places.
This is well illustrated in the eastern flank where a recently
built house collapsed due to the development of such cracks,
while at the western flank, there is a road that has under-
gone a vertical displacement of 2 m. A significant bulge
of highly deformed material (accumulation zone) was cre-
ated at the landslide foothill, as a result of the thrust exerted
by sedimentary deposits. This corresponds to an upheaval
zone (Fig. Se, f) where cracks disseminated in all directions.

At the foot of the landslide, pronounced damage is clearly
observed where buildings were tilted, torsioned, overturned,
and in some instances totally destroyed (Fig. 5g, h).

The spatio-temporal evolution of the landslide is well
characterized by the development of landslide-related
structures and cracks. Indeed, the buildings have under-
gone continuous deformation. At the western lateral limit,
after the earthquake, the same day, a crack with a cen-
timetric vertical throw appeared on the road pavement
where two blocks were lifted and affected a house door
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Fig.4 a A view of El Kherba
landslide area displaying the
investigated sites, Noise meas-
urements and field data (google
earth image taken before the
event). Ambient noise measure-
ments are shown in colored
circles, triangle and square. The
square with blue outline indi-
cates the water tower position
at the landslide crown. The red
arrows indicate the direction of
the landslide. The brown stars
represent each point's elevation
(m). The black arrows point

to the direction of the cracks

in the field from which the red
dotted landslide boundary was
established. The orange line
shows the AB profile with the
name of each point highlighted
in yellow. b Directional rose
diagram showing that most of
cracks trend N75°

(Fig. 6a). The next day (August 8, 2020) the vertical dis-
placement increased, the eastern compartment of the road
pavement had settled and the two blocks were caught in
the fissure (Fig. 6b), the eastern part of the door was tilted.
On August 9, 2020 the vertical throw reached 1 m and the
entire door was tilted northward (Fig. 6¢). On August 11,
2020, the door collapsed and was buried in the ground
(Fig. 6d). On that day, the vertical throw exceeded 2 m
(Fig. 6e).

At the eastern flank of the landslide, further evidence
illustrating the landslide evolution exists such as a crack that
appeared in the pavement without affecting the surrounding
building (Fig. 7a). The day after the earthquake, this build-
ing tilted northward, the first floor collapsed, and the second
floor began to sink into the ground (Fig. 7b). On August
12, 2020, the first floor collapsed completely, and only the
second, third, and fourth floors remained visible (Fig. 7c, d).
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From the morphological point of view, the total runout
length of the landslide is 2.2 km and 1 km wide. The land-
slide perimeter and area are 5.5 km and 1.6 km?, respec-
tively. For this area, the percentage of natural coverage is
77.5% covering more than three thirds of the landslide area
with respect to the anthropized one with 22.5%. The vertical
drop from the landslide crown (H =678 m) to the most distal
point of the landslide toe (H=420 m) is equal to 258 m. This
results in a slope angle of 6.6° corresponding to 14.86%
slope percentage.

Ambient noise method and data acquisition

The ambient noise method was first introduced by Kanai
(1957) to evaluate a site seismic response of a soft soil
overlying rigid to rocky soil. Later, the HVSR method
was proposed by Nogoshi (1971) and spread worldwide
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Fig.5 Examples of fissures
(white arrows) and scarps

(red arrows) observed in the

El Kherba locality: a An “en
echelon” disposed fissures, b a
long metric fissures that mark
the landslide crown, ¢, d scarps
with centimetric to metric
vertical displacement, photos
e, f taken in the foothill of the
landslide showing the beading
which is marked by an intense
deformation, photos g, h show-
ing the severity of the dam-
age in the upheaval zone with
houses that have undergone an
inclination and torsions

by Nakamura (1989). This method evaluates the ground's
fundamental resonance frequency using the ambient noise
where data is recorded. It involves calculating the spectral
ratios of the horizontal and vertical components from the
noise recordings using a single sensor (Nakamura 1989),
or a sensor network, to determine the shear wave velocity
stratification.

Due to the simplicity and rapid implementation of the
HVSR, the method has been widely used in site effects
and seismic microzonation studies (Fih et al. 1997; Layadi

et al. 2016; Gosar 2017). Notably, it is extensively used
in geological studies such as the mapping of geological
layers (Filed and Jacob 1993; Parolai et al. 2002; Teb-
bouche et al. 2017; Tebbouche and Ait Benamar 2021),
soil characterization (Stephenson et al. 2009; Layadi et al.
2018; Panzera et al. 2019), soil structure interaction (Pazzi
et al. 2016), and sedimentary basin imaging (Ibs-von Seht
and Wohlenberg 1999; Hinzen et al. 2004; D'Amico et al.
2008; Issaadi et al. 2021). It has also been used for other
subjects such as buried structure studies (Moisidi et al.
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Fig.6 Evolution of a lateral
scarp from a centimetric a to a
metric e vertical displacement
affecting an entrance gate that
tipped and then was buried in
the ground

2012; Galli et al. 2013; Panzera et al. 2014; Tebbouche
et al. 2017).

Moreover, the method is applied for the definition and
characterization of landslides (Burjanek et al. 2010, 2012;
Pilz et al. 2013; Pazzi et al. 2017; Ma et al. 2019; Hus-
sain et al. 2019; Iannucci et al. 2020; Del Gaudio et al.
2008; Panzera et al. 2012) where the different spectral
responses are attributed to different landslide zones (stable
and unstable). Ma et al. (2019), based on HVSR curves,
have demonstrated that each landslide zone is marked by
its own response pattern. Indeed, unstable areas are char-
acterized by horizontal polarization (Kolesnikov et al.
2003), where ground motion can be amplified in a direction
marked by maximum peak (Pilz et al. 2013). This directivity
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is influenced by geological and topographical factors that
polarize the ground motion in one main direction. In these
cases, to identify the response directivity of the site if it
exists, the polarization is analyzed (Burjanek et al. 2010; Del
Gaudio et al. 2008; Panzera et al. 2012). It is clear that the
ambient noise polarization is parallel to the sliding direction,
which is perpendicular to the observed fractures which is not
always the case. Indeed, Panzera et al. (2012) highlighted
that the polarization angle may be parallel to the aperture
cracks due to the main sliding direction that affects the
polarization direction. However, the results obtained in the
current work show the capability and efficiency of the HVSR
method to analyze and identify directivity phenomena in the
site response, especially in the presence of unstable slope.
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Fig.7 Example illustrating
landslide evolution showing the
tilting and sinking of a building

Three days after the landslide was triggered, ambient
noise recording was set up using a City Shark Ambient
Vibration Recorder (Chatelain et al. 2012), equipped with
a three-component seismometer (Lenartz 5 s) which have
a reliable response in (0.2-50 Hz) frequency range. The
micro-tremor survey was conducted in the eastern part of
El Kherba city, where landslide evidences are apparent.
The data acquisition was mainly done in the upper most
displaced materials (landslide) on the boundaries, and
outside the landslide zone on top of the stable part. This
distribution was based on field observations to identify
different areas according to their spectral response. Fol-
lowing Sesame guidelines (SESAME 2004), the acquisi-
tion time series was set at 20 min with a sampling rate of
200 Hz. Then, the open-source Geopsy software (http://
www.geopsy.org) was used to estimate the horizontal to
vertical spectral ratios, involving the following process-
ing steps:

1. The noise signals were divided into 25 s time windows
to which an STA/LTA anti-triggering filter was applied.
The latter consists of comparing short- and long-term
averages (STA, LTA) allowing the detection and elimi-
nation of transient windows. Thus, only stable windows
with a uniform noise ratio were selected. According to
common assumptions, the window length was set to
include at least ten cycles of the lowest analyzed fre-
quency.

2. Spectra are computed for each (Ni) window, where the
time signals are transformed into Fourier spectra using
the fast Fourier transform (FFT) method at 5% cosine-
tapered windows. This apodization process improves the
signal properties in the frequency domain.

3. Spectral amplitudes smoothing for each (Ni) window
using the Kono and Ohmachi window (Konno and Ohm-
achi 1998) fixing the smoothing degree parameter (b) to
40.
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4. Computation of root mean square (RMS) of the

smoothed horizontal spectra S}, (Ni) (1) for each (i) win-
dow

with S, (Ni) North—South component spectrum,
and S, (Ni) East—West component spectrum;

S (N)*+ S, (N,
Sp(N)) = \/—“( ) 3 V) .

H/V spectral ratio computation (2) for each (Ni) window:
(N:)

Geometric mean computation (3) of the H/V spectral
ratio for all windows:

ey

SV

TSN @

Tloglo(H (v;))
N; :

Z=10 =~ 3)

14
7. H/V curves plot with a standard deviation in both fre-
quency and amplitude.

Results

The HVSR curves obtained, over a frequency range from 0.5
to 20 Hz, show three distinct patterns. The HVSR curves in
the stable part (sites P29, P33, P36, and P41) reveal peaks
around 1-1.5 Hz that can be associated with the interface
separating the marl and clay layers (Fig. 8).

The sites located on the landslide boundary (Fig. 8)
(sites P09, P10, P11, and P12) present a distinct peak
in low frequencies, from 0.6 to 0.8 Hz, marked by large
amplitudes. Other peaks are also visible in the high fre-
quencies, at about 5, 10 and 14 Hz, but with lower ampli-
tude than those observed previously. Since these peaks are
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Fig.8 HVSR curves obtained from an average of the horizontal com-
ponents as a function of frequency (Black solid lines) at recording
sites located in the landslide limit (first row) unstable zone (second
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row) and stable zone (third row). The red line shows the main fre-
quency of each frequency spectra
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not visible on the stable part, this suggests the possibility
that they may be associated with the presence of fractures
at the landslide boundary and near the lateral scarps.

In the unstable part, the HVSR curves (Fig. 8) (sites
P13, P18, P19, and P22) display a different pattern from
the stable part, but similar to that near the landslide flanks,
with entirely different features in high frequencies. Indeed,
a very high amplitude peak appears at a frequency between
3 and 14 Hz. The interpretation of this observation, based
on local geology, indicate that this peak is typical in the
unstable part only, and may be associated solely with the
soil remoulding. Indeed, the outcropping clay layer is
excessively fractured and reveals an important decrease in
its mechanical properties such as density and shear veloc-
ity. This could happen due to the mobilization of loosened
materials (Kakhki et al. 2020), leading to a low-velocity
contrast between the remoulded soil in the upper part and
the undisturbed deep part below the surface of the rupture.

Along the AB profile (Fig. 4b), a 2-D profile (Fig. 9a)
is obtained from the combination of all the HVSR spec-
tra (Fig. 9b). The latter shows the spectral response over
the entire slope, where an amplitude variation can be
detected, suggesting that the fracture surface shape has
changed. Subsequently, the average shear wave velocity
obtained from the LNHC report coupled with the funda-
mental frequencies derived from HVSR curves enabled the

estimation of the sliding surface depth using Eqgs. (4) and
(5) (Haskell 1960; Madera 1970):

o= |

0~ 4]’1’ ( )
Yo hVs; -

Vp = ==——withH = ) h, (5)
Zi=1 hi Z

Based on the estimated depths, surface of rupture is
mapped accurately along AB profile (Fig. 9¢). The rup-
ture surface may be located in the shallow clay layer at
2.14+0.11 m to 8.35+2.68 m (see Table 1). The depth vari-
ation is reflected by a significant shift in peak’s frequency,
associated with the landslide thickness decrease, and change
in mechanical characteristics and soil properties induced by
the landslide (Kakhki et al. 2020). Furthermore, water con-
tent plays an important role in triggering landslides. Indeed,
a soil’s water content above a certain threshold may reduce
or diminish cohesion between the grains, which further leads
to soil embrittlement.

It is well known that, during precipitation, water soaks the
soil, causing changes in its physical parameters and behavior
by increasing the pore pressure. As a result, the soil's bearing
capacity and resistance decrease. In his analysis of the cli-
matological balance over a period of 20 years (1986-2006),
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Table 1 Surface of rupture depth (H,,) estimation from combining
shear wave velocity from geotechnical model (Fig. 2) and soil fre-
quency f, from HVSR curves, using Eqgs. (4) and (5)

HVSR sites HVSR f, (Hz) Estimated H,, (m)
pl4 7.25+0.85 4+0.48
p23 4.68+0.47 6.19+0.63
p22 3.72+0.44 7.79+1.49
pl3 4.14+0.27 7+0.46
p21 3.89+0.45 745+1.19
pO1 3.47+0.61 8.35+2.68
pl8 4.62+04 6.27+0.55
p26 4.34+0.6 6.68+0.94
p19 3.72+0.24 7.79+0.51
p34 5.26+0.46 5.51+0.49
p42 8.87+1.23 3.27+0.47
p20 12.71+1 2.28+0.18
p43 13.57+0.7 2.14+0.11

Zouaoui (2008) revealed that Mila region is characterized
by a cold and humid period from November to May, and a
hot and dry period from June to September. This highlights
the absence of a concomitance of rainfalls that might have
contributed to the landslide.

In our case, the water table depth measured on August
12, 2020 in a well located at the unstable part was 2 m. In
addition, a significant amount of water was released due
to leakage from a water tower located above the landslide
crown (Fig. 4a), which soaked into the ground for more than
6 months. This suggests that the water content in the shal-
low soil reached a very high level leading to an increase in
P-wave velocities and H/V ratio. This phenomenon may be
one of the reasons for the high peak values observed in the
unstable zone.

In particular, the ambient noise data was used in the anal-
ysis of the site response directivity by rotating the horizontal
components of the spectral ratios obtained at each measure-
ment point in 10 degree steps from 0° to 180°. The results of
the directional variation of these HVSR ratios are shown in
Fig. 10. The resulting directivity pattern of ambient noise is
quite complex and shows strong variations between the dif-
ferent areas. In the stable part (Fig. 10a), where the HVSR
curves indicate peaks in the low frequencies as shown above,
the HVSR rotation does not show any preferential direction
over the whole frequency range. Based on field observa-
tions, this part shows no cracks or deformation. This can
indicate that the directivity could be controlled by the frac-
ture system.

In the unstable part (Fig. 10b), the rotated spectral ratios
indicate clear directional effects in the high frequencies,
with an angle of about 145° at the P13 and P18 sites. Mov-
ing northward, at the P19 and P34 sites, the directions are

@ Springer

about 10° and 25°, respectively. The obtained directivity
values are the same at the P13 and P18 sites, located on the
displaced part of the landslide where the cracks are dense
and their dominant direction tends towards 55°-75° which
is perpendicular to the H/V rotate direction. Such results
correspond perfectly to that demonstrated by Burj'anek et al.
(2010), showing that the directivity of the ambient noise is
perpendicular to the observed fractures and parallel to the
landslide direction.

Sites P19 and P34 are located in less fissured parcels with
shallow heterogeneities caused by the thrust of the crown’s
material moving by gravitational force. Thus, both sites
have different directions even if they are in the same zone.
However, the P13 and P18 sites in the upper part of the
landslide, have a similar angle of directivity. Moreover, the
spectral response in this part shows frequencies correspond-
ing to deeper contrasts than those observed in the north-
ern part of the landslide. Therefore, the high frequencies
variation (shift) might be controlled by two factors: (a) the
shallow heterogeneities and (b) the fact that each portion of
the sliding part vibrates separately at different frequencies
and directions. This explanation is in line with that already
advanced by Pilz et al. (2013).

Away from the unstable part, on the landslide limit
(Fig. 10c), clear directional effects are present in low fre-
quencies while the directional resonance angle changes,
which makes their interpretation quite complex compared
to the other two parts. We notice that there is no prevail-
ing direction and the amplitude decreases at high frequen-
cies where peaks associated with the rupture surface were
observed. Therefore, these results are due to the increasing
rock stiffness in this part.

Discussion and conclusion

Landslides triggered by an earthquake remain a pressing
issue, considering their complexity and the potential for
significant human and economic impacts. Their characteri-
zation is a particular challenge for engineers, especially in
urban areas. This work outlines a post-impact field study
of El Kherba landslide triggered by the Mila earthquake of
August 7, 2020. The aim is to characterize this event using
a combination of geological and geophysical data, as well
as field observations.

The analysis of the data collected and field observations
enabled the identification of three crack directions. The N55
and N75 directions mark the major escarpments up to 200 m
long and perpendicular to the main direction of the land-
slide, which is the most dominant direction. The N25 and
N135 directions characterize the core of the landslide and its
lateral boundaries. Along these boundaries, there is another
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Fig. 10 Azimuthal variations of HVSR values obtained at selected ambient noise recording sites

class of direction, N110 and N165, marked by the largest
openings reaching up to 6 m in width.

This crack network affected the outcropping clay layer
throughout the locality. This formation, with weak geo-
technical characteristics at shallow depths (see geological
and geotechnical setting), combined with a 15% slope, was
already prone to landslides, especially since the water table
is at 2 m deep. Moreover, due to the earthquake impact the
water tower located above the landslide body experienced
heavy damage (Fig. 3e). The tower was ultimately emptied
to avoid its total destruction. The water soaking into the
underlying soil increased the site’s vulnerability to land-
slides by increasing the pore pressure, which tends to elimi-
nate soil rigidity.

In this work, the field investigation data were incorpo-
rated with the experimental one, i.e., the HVSR method
ambient noise that was used throughout the area. The nota-
ble feature of this work is the dense measurement points
that were carried out immediately after the landslide was
triggered, prior to any other type of investigation, on a land-
slide that was still active. The results of the HVSR revealed

that the fundamental resonance properties of an earthquake-
induced landslide, based on ambient noise recordings, can
be obtained with a limited number of stations and an acqui-
sition time of a few hours. Regarding the curves typology,
the use of ambient noise measurements allowed the iden-
tification of three distinct zones: (1) a stable zone, where
the curves display a low-amplitude dominant peak at about
1-1.5 Hz, related to a lithological contrast; (2) an unstable
zone, characterized by a high frequency peak not observed
on the stable zone, related both to soil remoulding, as well
as to the increase of water content, which point to the pres-
ence of an active slip surface inside the clay layer; and (3)
a third zone at the boundary of the landslide, which marks
the transition between the stable zone and the unstable zone.
The latter part is marked by a low-frequency peak with a
very pronounced amplitude, confirming that heterogeneities
and changes recognized using HVSR ambient noise are due
to the landslide’s movements.

Despite the lack of detailed information on the physical
parameters of the soil, the depth of the fracture surface was
estimated by empirical equations using the HVSR ambient
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noise, demonstrating the potential of this method in mapping
geological evidence on unstable slopes. HV measures can
give accurate results, especially in homogeneous geological
units, but their reliability is tied to soil physical parameters
such as shearing velocity and depth H.

The HVSR measurements were also performed to analyze
the directivity response of the landslide body. The obtained
results match the field observations and the H/V spectral
ratios. The stable part shows no directivity effect, while
the unstable and margin areas have their own directivity
response, which indicates that the directivity is controlled
by the cracks network and soil remoulding. The observed
change in directivity response in the unstable part, and at
the landslide boundary, suggests that directional amplifica-
tion may not be directly related to the slope direction of a
landslide and that it is controlled by several factors that are
difficult to identify.

The results obtained after combining field data with
ambient noise HVSR can provide insights into earthquake-
induced landslide studies. The causal factors were first exam-
ined through observations and analysis of the ambient noise,
which contributed to a better understanding of the phenom-
enon that occurred. They were also used for rapid geomet-
ric identification, even if the results obtained are sometimes
difficult to interpret. This demonstrates the effectiveness
of the HVSR ambient noise method in the study of active
landslides where the unstable mass, composed of remoulded
soil, overlay a compact basement. Moreover, by its rapid
implementation, the use of the HVSR method immediately
after this type of event enables an initial appreciation of the
unstable area extent, and may even guide future recognition
campaigns. It is also worth stating that the same technique
can be used elsewhere in northern Algeria, where identical
geomorphological and geological features prevail.

The characterization of the different landslide parts and
its geometry in this study could be a useful tool for plan-
ners involved in decision making related to the redevelop-
ment of El Kherba city, as well as in site studies for future
constructions.
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