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1  |  INTRODUC TION

The Mila Basin is a Mio- Plio- Quaternary sedimentary basin located 
in northeast Algeria (Boulahia, Abacha, Yelles- Chaouche, et al., 2021; 
Derder, Djellit, Henry, et al., 2019; Mezerreg, Kessasra, Bouftouha, 
et al., 2019) (Figure 1). In the last 10 years, various slope failures 
resulting in many casualties have occurred in the Mila Basin, but no 
studies to investigate the subsurface instability or monitor the ongo-
ing land subsidence have been conducted until now. Furthermore, 
these areas have previously evidence considerable surface dis-
placements (Elmayel, Higueras, Bouzid, EMG, & Elouaer, 2019). 
Specifically, deep- rotational, translational and shallow- translational 

landslides have occurred in Mila (September 2013 and October 
2017), Grarem Gouga (June 2015) and Sibari (February 2008), re-
spectively (Mansour, Miloud, Donzé, Soraya, & Abderahmane, 2015; 
Merghadi, Abderrahmane, & Tien, 2018; Serpelloni, Vannucci, 
Pondrelli, et al., 2007) (Figure 1). During 2020, Mw 4.6 and Mw 4.9 
earthquakes were recorded on 17 July and 7 August, respectively 
(Figures 1 and 2). The more destructive moderate Mw 4.9 (CRAAG) 
event of 7 August had a hypocenter depth of 10 km. Two aftershocks 
occurred on 9 August and 10 August with local magnitude 3.5 and 
3.6, respectively. We studied the seismic history of the Mila region, 
looking for similar events in the past that could provide a key to bet-
ter understand future ground deformation. The most recent reap-
praisal of Algerian historical seismicity (Harbi, Sebaï, Benmedjber, 
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Abstract
Hazardous ground deformation and landslides occur frequently in the Mila Basin, 
Algeria and this problem remains unsolved. However, the historical seismicity in the 
area indicates no severe damage from past earthquakes. For this reason, studies are 
needed to monitor the slow ground movements and their triggering factors. Since 
about two decades ago, satellite observations by interferometric synthetic aperture 
radar (InSAR) technique and the multi- temporal (MT- InSAR) technique have provided 
a tool for monitoring slow and extremely slow ground displacements. In this study, 
2D decomposition of InSAR outputs revealed a sliding surface at two regions located 
12 km apart, indicating slow motion rather than fast movement along the damaged 
area. We concluded that the factors leading to surface displacement in the investi-
gated area include the triggering earthquakes, precipitation, terrain topography and 
soil moisture. This study contributes to landslide hazard identification and risk assess-
ment in the Mila Basin.

www.wileyonlinelibrary.com/journal/ter
mailto:
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:248005v@gs.kochi-tech.ac.jp
mailto:noha.ismail.medhat@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fter.12591&domain=pdf&date_stamp=2022-03-28


408  |    MEDHAT ET Al.

et al., 2015) shows that the maximum intensity Imax felt within a 
15 km radius from Mila never exceed the value of V (strong shak-
ing) of the EMS intensity measuring scale (Table 1). According to the 
previously mentioned historical seismology, there is no evidence of 
highly destructive deformation at Mila city. Therefore, no severe 
damage due to earthquakes has been observed thus far in this re-
gion, where earthquakes greater than magnitude 5 are rare (Harbi, 
Peresan, & Panza, 2010). To this specific point, our research focused 
on investigating the mechanism and estimation of the unexpected 
deformation that occurred in the Mila and Grarem Gouga areas.

The interferometric synthetic aperture radar (InSAR) technique 
is a powerful tool for monitoring ground movement triggered by 
one or more conjugated factors, including hydrology (rainfall; Xu, 
Kim, George, & Lu, 2019), soil moisture, groundwater and surface 
water load (Aslan, Michele, Raucoules, & Bernardie, 2021; Ismail, 
Yamamoto, & El- qady, 2021; Saroli, Albano, Atzori, et al., 2021), 
geotectonic (Razi, Sri Sumantyo, Widodo, Izumi, & Perissin, 2020; 
Saroli et al., 2021), soil strength (the presence of gley soils or shear 
strength reduction; North, Farewell, Hallett, & Bertelle, 2017) and 
irregular topography (Berardino, Fornaro, Lanari, & Sansosti, 2002; 
Boyd, Chambers, Wilkinson, et al., 2021; Gaebler, Ceranna, 
Nooshiri, et al., 2019; Hamama et al., 2022; Perissin & Wang, 2012; 
Selvakumaran, Rossi, Marinoni, et al., 2020; Sun et al., 2015; Sun, 
Hu, Zhang, & Ding, 2016; Svigkas et al., 2020). In this study, we 
worked to determine the rate of recent displacement occurred in 
the Mila Basin near the areas affected by damage. As the InSAR 

STATEMENT OF SIGNIFICANCE

The Mila Basin is subjected to ongoing ground deforma-
tion problem that effects on the safety of the inhabitants. 
This research contributed to monitor the slow rate of dis-
placement due to earthquakes, hydrological, morphologi-
cal and geotechnical factors. The effect of fore- mentioned 
factors on the ground instability can be observed through 
utilizing radar data of Sentinel- 1 satellite sensor oper-
ated by European Space Agency (ESA). Multi Temporal 
Interferometric Synthetic Aperture Radar (MT- InSAR) and 
2D decomposition techniques can be applied to provide a 
clear 2D displacement rates. Furthermore, our study clas-
sified the types of the landslide according to the 2D dis-
placement components and ground truth observations. 
Despite of the real need to mitigate the hazardous effect 
of the landslides in the developing countries generally and 
the African countries specifically, there is no previous pub-
lished research focused on the Mila Basin as a case study 
to monitor the slow rate of landslides using remote sensing 
techniques. Furthermore, there has been little published 
research discussing landslides classification using remote 
sensing data, due to the presence of vegetation or geologi-
cal nature that limits the accuracy of the results.

F I G U R E  1  Location of Algeria in the Mediterranean region between the Eurasia- Africa plate boundary (a) (Boulahia et al., 2021; Derder 
et al., 2019) and the location of Mila city in the northeastern Algeria surrounded by low- dense vegetation area (b). (b) Sentinel- 1 A/B data 
coverage indicates the ascending track 161 (red rectangle) and the descending track 66 (blue rectangle), respectively. Radar images of the 
interferometric wide (IW) swath mode cropped into area of interested (black rectangle). (c) Algerian cities are surrounded by high topographic 
relief, cutting by low relief region belongs to Beni Haroun river. Earthquake epicentre locations and focal mechanism of the destructive 
earthquake main shock overlaid the SRTM digital elevation map (DEM) of 30 m resolution show the topography variation around the study area 
[Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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technique has proven efficient for monitoring ground surface 
movement, we could evaluate the impacts of seismic shaking in 
causing damage together with other environmental factors affect-
ing stability within the Mila Basin. The MT- InSAR method is cost- 
effective compared to conventional geodetic techniques or the 
ground truth data (boreholes) with a complete understanding of its 
limitation. Moreover, the coherence- based SBAS approach is now-
adays considered a fast and powerful tool to monitor the potential 
of landslides covering large areas (Tang, Motagh, & Zhan, 2020; 
Tong & Schmidt, 2016). Consequently, this study may facilitate 
mitigation of the landslide potential attributable to earthquakes in 
the future.

2  |  GEOMORPHOLOGIC AL ,  GEOLOGIC AL 
AND GEOTECHNIC AL SET TING

Topography, slope angle and slope orientation are parameters that 
effectively control deformation- related motion, and hence should be 
considered in an accurate classification of landslide behaviour (Béjar- 
Pizarro et al., 2017). The slope angle and orientation (aspect) were 
derived from profiles of a 3D high- resolution ALOS digital surface 
model (DSM) (Figure 2). The majority of the landslides that have oc-
curred in the Mila Basin are in areas with slope angles between 0° 
and 11° (corresponding to gentle to moderate steepness). Moreover, 
these landslides are characterized by terrain aspects ranging through 

F I G U R E  2  (a) Slope angle (b) aspect (c) landslide inventory maps of the study area overlaid 3D high- resolution ALOS digital surface model 
(DSM) that is provided from https://www.eorc.jaxa.jp/ALOS/en/aw3d3 0/index.htm, modified after Merghadi et al. (2018). The map includes 
structural (seismogenic thrust faults) and lithological settings. Most of landslides are observed in young formation (Mio- Plio- quaternary 
basin) that mainly composed of clay outcrops. Dashed line surrounded places indicates areas suffered from damage due to the impacts of 17 
July and August 7, 2020 earthquakes [Colour figure can be viewed at wileyonlinelibrary.com]

https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm
https://onlinelibrary.wiley.com/
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south- east, south- west and north- west (Merghadi et al., 2018). The 
morphological terrains in Mila city can be characterized in terms of 
slope as having moderate to strong angles with orientation directions 
towards the north, north- east and north- west. The morphological 
features at the cities of Grarem Gouga and Sibari are gentle and mod-
erate slopes with north- west and south- west aspects (Figure 2). The 
geomorphological features obtained from the slope angle and aspect 
maps contributed to further description to delineate low- sensitivity 
regions due to the geometric distortion effect along the line of sight 
(LoS) (Guo, Li, Chen, Li, & Yuan, 2021; Sun et al., 2016). The geology 
of the Mila Basin, shown in Figure 2, is composed mainly of post- 
nappes sequence in which the land surface is subjected to current 
deformation (Chettah, 2009), with the presence of vertically oriented 
lineaments trending in the N- S and E- W directions, that represent the 
main reason for the recent active morpho- structures existing in the 
study area (Esposito, Carabella, Paglia, & Miccadei, 2021; Maouche 
et al., 2019; Meghraoui, 1988; Merghadi et al., 2018). The landslides 
reported previously in the Mila Basin are classified as shallow (<5 m 
depth) and deep (>5 m depth) landslides, most of which are distributed 
in Neogene lithological units (Figure 2). The geo- lithological informa-
tion of the subsurface soils in the cities of Mila and Grarem Gouga 
was derived from boreholes. The lithological feature of a sub- clay 
layer extends to 9 m at Grarem Gouga, contrary to Mila city with a 
clay layer thickness of 150 m. The clay layer overlies a base layer com-
posed of marly limestone. Moreover, saturation of the clay beneath 
the water table ranges in depth from the ground surface to 3 m in 
Grarem Gouga and 10– 15 m in Mila (Athmania, Benaissa, Hammadi, 
& Bouassida, 2010; Ogila, 2021). The study area has an annual pre-
cipitation of approximately 600 mm/year, with heavy rainfall in winter, 
from October until March, and extreme drought in summer (wet- dry 
seasons), from June until the end of August (Athmania et al., 2010). As 

the shape of the slide surface can be described from the geotechni-
cal properties of the soil (Zhou, Shi, & Xu, 2013), extensive laboratory 
investigations have been conducted (Ogila, 2021) to assess the slope 
instability and safety factors in the north- east region of Algeria. These 
investigations revealed the geotechnical characteristics of the sub- 
base layers composed of clay and marly limestone. The clay formation 
has an average bulk density of 16 (kN/m3), internal friction angle (Φu) 
of 14, measured by shear box test, and undrained cohesion (Cu- kPa) 
between 147 and 211 kPa. In addition, the high plasticity index of the 
clay, which reaches 29% enthuses absorbing water in wet season.

3  |  DATA SET AND METHODS

The classic differential InSAR (DInSAR) technique can provide the 
projected ground displacement along the LoS over wide areas and 
retrieve the phase difference due to single displacement events 
(e.g. Golshadi, Rezapour, Atzori, & Salvi, 2021; Peter, Boncori, 
& Pezzo, 2014; Reyes- Carmona, Barra, Galve, et al., 2020; Zeni, 
Bonano, Casu, et al., 2011). On the other hand, the multi- temporal 
InSAR (MT- InSAR) methods that are principally applied to generate 
surface displacement time series, their results are more robust with 
respect to noise and Atmospheric Phase Screen (APS) estimation and 
then removal (e.g. Zeni et al., 2011). Moreover, MT- InSAR has the 
ability to provide long- time displacement monitoring of slow- moving 
landslides (Dai, Li, Tomás, et al., 2016; Wasowski & Bovenga, 2014). 
We applied the small baseline subset (SBAS) approach (Berardino 
et al., 2002), which depends a stack of interferograms and, working 
on multi- looked interferograms, allows the analysis of ground dis-
placements related to distributed targets on the ground, which have 
medium- to- high coherence (Tong & Schmidt, 2016), by analysing 

TA B L E  1  Historical earthquakes recorded by the Centre of Research in astronomy, astrophysics and geophysics, CRAAG, Algiers, at the 
Mila Basin; local magnitudes of seismic activity higher than 5 did not result in any previous destructive deformation (see Harbi et al., 2010; 
Harbi, Maouche, & Ayadi, 1999). (III: Weak shaking, IV: The earthquake is largely observed by many people but the high level of vibration is 
insufficient to cause damage to most building, V: Strong shaking and capable of trembling buildings, VI: The earthquake is felt by everyone 
and causes slight damage to buildings such as minor cracks, VIII: The earthquake is very damaging, causing most buildings to suffer large 
cracks and possibly partial collapse)

Earthquake I0 (EMS) Imax in Mila Magnitude Observation

26 June 1863 Constantine — — — Felt at Mila

4 March 1899 Grarem — — — Two shocks felt at Grarem Gouga

August 1908 Constantine VIII — 5.2 — 

March 7, 1926 Djidjelli IV — — Felt at Mila

August 6, 1947 Constantine VIII V, IV 5.3 V at Mila IV at Grarem Gouga

November 4, 1957 Saint Antoine V IV, III – Felt at Mila

January 22, 1958 Siliana VI V — V at Mila V at Grarem Gouga

July 28, 1964 Taher V IV 3.4 IV at Grarem Gouga

December 20, 1981 Didouche Mourad IV– V IV 3.3 III at Mila and not felt at Grarem 
Gouga

August 23, 1978 Rouached IV– V IV 4.0 IV at Mila

December 20, 1983 Zighoud Youcef V– VI IV 4.7 IV at Grarem Gouga

October 27, 1985 Constantine VIII V 6.0 V at Mila and V at Grarem Gouga
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130 Single Look Complex (SLC) images provided by the Sentinel- 1 
satellite operated by European Space Agency (ESA).

The selected data were acquired in Interferometric Wide (IW) Swath 
TOPSAR mode. The Sentinel- 1 (S1) data (C- band, wavelength of 5.6 cm) 
are acquired by ESA and distributed free of charge (Gabriel, Goldstein, 
& Zebker, 1989; Massonnet & Feigl, 1998). We adopted the coherence- 
based SBAS method, this method is an adaptive SBAS method that 
uses the coherence of the interferograms to obtain some weights 
to be used during the interferograms stack inversion (Xu, Sandwell, 
Tymofyeyeva, Gonzalez- Ortega, & Tong, 2017). The coherence- based 

SBAS method to capture the slow rate of motion rather than the clas-
sical DInSAR or the traditional SBAS method (Tong & Schmidt, 2016), 
this method was adopted to delineate the active slope regions with 
small- scale displacement or even its potential to mitigate the strong de- 
correlation and atmospheric delay effects. Moreover, the coherence- 
based SBAS method is able to increase the temporal sampling rate by 
selecting suitable baseline acquisitions, as well as considering different 
subsets, to mitigate the decorrelation effects due to different types 
of noises and providing spatially dense velocity maps. Utilization of 
the improved SBAS method based on increasing the coherence pixels 

F I G U R E  3  Ground velocity maps 
for the ascending (a) and descending (b) 
orbits show the severe damage areas 
that are located in Mila Basin (black 
boxes). Patterns (highlighted by red stars) 
indicate stable reference area and the 
epicentres of the recent earthquakes, 
respectively [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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density, this method can lead to improve the accuracy of monitoring 
damage and effectively estimate the multi- dimensional deformation (Li, 
Xu, & Li, 2021; Samsonov & D'Oreye, 2012). Generally, the SBAS tech-
nique, based on the singular value decomposition (SVD) method, which 
inverts a stack of produced interferograms (Lauknes, Larsen, Johnsen, 
& Eltoft, 2007), is applied to the pixels showing a coherence higher than 
a prefixed threshold from the obtained unwrapped interferograms. As 
in standard interferometry, a digital elevation model (DEM) provided 
by the Shuttle Radar Topography Mission (SRTM) 1- arc second product 
(Farr, Rosen, Caro, et al., 2007) was used to remove the topographic 
contribution. Finally, a geocoded step was performed using the DEM 
to obtain the ground velocity map and the relative displacement time 
series along the sensor LoS. We considered 60 days as the maximum 
value for the temporal baseline and 150 m for the value for perpendic-
ular baseline for the interferograms generation exploiting 113 S1 im-
ages covering the temporal span between January 2019 and December 
2020. In total, 359 interferograms were produced using 53 ascending 
track scenes to produce 171 interferograms and 60 descending track 
scenes to achieve 188 interferograms using the open- source soft-
ware GMTSAR (Sandwell, Mellors, Tong, Wei, & Wessel, 2011). The 
obtained connection graph shows a continuous interferograms con-
nection, avoiding any large temporal gaps that may cause difficulties 
to retrieve the nonlinear deformation (Gong et al., 2016). We adopted 
the common- point stacking method, to mitigate the atmospheric phase 
delays in the interferograms. Starting from the assumption that the in-
terferograms have equal time spans and deformation occurs at a con-
stant rate, constant and linear deformations are expected. This method 
can retrieve atmospheric contribution effectively whether the defor-
mation is constant or linear (Tymofyeyeva & Fialko, 2015). For constant 
deformation, the accuracy of calculation increased through increasing 
the number of pairs connected to the central master pair. While the 
nonlinear deformation was considered since the iterative procedure 
was adopted. Therefore, the atmospheric noise coefficient (ANC) 
was computed for the separation between the APS and the ground 
deformations. Ultimately, to ensure that the deformation information 
obtained by the coherence- based SBAS analysis was not located in 
the regions of geometric distortion, we compared the slope angle and 
aspect maps (Figure 2) with the incident angle and the side- looking ge-
ometry of ascending and descending tracks (sensor moving away from 
or towards the slope) (Aslan et al., 2020; Colesanti & Wasowski, 2006; 
Guo et al., 2021; Takada & Motono, 2020).

4  |  RESULTS

4.1  |  Mean velocity maps

Mean displacement velocity maps along the LoS direction evidenced 
two deformation areas: the Kherba suburban zone north- west of 
Mila city and Grarem Gouga and Sibari in the north- east (Figure 3). 
The estimated mean velocity values referred to a stable area cho-
sen according to its consistently high coherence value not located 
in the deforming area and characterized by low vegetation density 

(Figure 3). At Mila city, the ascending orbit showed high positive 
values of displacement velocity (35 mm/year), which represent the 
deformation direction towards the satellite sensor. These maximum 
positive velocity values represented the deformation in the south- 
west and north- west zones of Kherba city (west of Mila city). The 
descending track showed the same displacement pattern with a neg-
ative sign with the same rate, which represents deformation directed 
away from the sensor (Figure 4). Furthermore, at the cities of Grarem 
Gouga and Sibari, the highest LoS velocity (50 mm/year), which was 

F I G U R E  4  SBAS velocity maps at Kherba city, which represents 
the slow rate of deformation occurred in Mila city, derived from 
(a) ascending and (b) descending orbit. Warm colours represent 
the deformation away from line of sight (LoS), while cold 
colours that show towards LoS [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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observed from both track geometries (ascending and descending), 
was found at the valley located near the Beni Haroun River, which 
is surrounded by a stable region. A lower LoS velocity rate (20 mm/
year) was distributed along the Sibari region (Figure 5). Finally, the 
precision of the estimated velocity was calculated. The root mean 
square (RMS) errors of the ascending and descending orbits were 3.4 
and 1.6 mm, respectively (Ren & Feng, 2020).

4.2  |  Horizontal and vertical deformation rates

The horizontal and vertical components were extracted over the 
common pixels among the ascending and descending ground ve-
locity maps considering the relative incidence angles. The LoS 
deformation velocity is related to the unknown three velocity 
vector components north, east and vertical. The 2D (east/west, 
up- down) deformation components were discriminated using SVD 
decomposition and considering the incidence angle hypothesiz-
ing the N- S component negligible (Samsonov & D'Oreye, 2012; 
Samsonov, Dille, Dewitte, Kervyn, & D'Oreye, 2020). The near 
polar of the satellite orbits can result in large error of the north's 
component compared to the signal, consequently, decrease its 
sensitivity to measure the north– south displacement (Wright, 
Parsons, & Lu, 2004). The north component was assumed to be 
negligible; subsequently, the eastward and vertical motion can 

be determined. The 2D decomposition maps retrieved the E- W 
and vertical components inverted from the LoS velocity values, 
consequently deriving deformation patterns in both directions, 
horizontally and vertically (Hu et al., 2014). Most of the Kherba 
city areas were exposed to a maximum vertical displacement rate 
between −20 and −30 mm/year (Figure 6). The area south- west 
of Kherba city (landslide's top zone or the crown and main scarp) 
showed a displacement rate of approximately −30 mm/year and 
is labelled with ground- truth observation points a, b and c, as 
shown in Figures 6 and 7 (rotational component), in addition to 
being marked by tension cracks surrounded by the landslide crown 
(Sassa, Guzzetti, Yamagishi, et al., 2018) (Figure 7a– c). The east-
ern part of Kherba city, or the right flank of the landslide, rep-
resented by point d in Figure 6, showed a dominant horizontal 
component rate of −4.8 mm/year, which may correspond to lat-
eral shear movements (Hart, Shaller, & Farrand, 2012). The flank 
caused severe damage to the surrounding urban areas (Figure 7d). 
Furthermore, tension cracks are concentrated at the accumulation 
zone (landslide's toe), near points e and f north- west of Kherba 
city (Figures 6 and at 10a).

The decomposition of the E- W and vertical components in the 
Grarem Gouga and Sibari regions showed varying rates of displace-
ment as shown in Figure 8. The whole area is subjected to horizontal 
sliding (translational component) with dominant movement to the 
west at a rate of approximately −58 mm/year (Figures 9a,b and 10b). 

F I G U R E  5  LoS velocity map (closer extent) at Grarem Gouga region obtained by (a) ascending and (b) descending tracks. Orange line 
represents N27 highway street [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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The centre of the sliding surface also revealed horizontal and ver-
tical displacement rates (−40 mm/year) (Figures 10b). Additionally, 
the region near highway N27 exhibited a mean downward deforma-
tion rate (−35 mm/year) (Figure 8), causing traffic problems. Tension 
cracks and water seepage were also observed along the same area 
(Figures 9c,d and 10b). Sibari city, which is located in the northern 
part of Grarem Gouga, showed the lowest 2D decomposition rate, a 
mean velocity value of −10 mm/year; the ground truth observations 
confirmed this result as narrow scarps are distributed in the Sibari 
area (Figure 9).

4.3  |  Comparison of time series displacement, soil 
strength and hydrological forces

Many previous studies have demonstrated a strong relationship 
between hydrological forces and landslide reactivation, or even 
hydrological subsidence (Dauteuil, Bour, & Gavrilenko, 2006; Soto, 
Palenzuela, Galve, et al., 2019). Precipitation data are recorded at 

the proximal meteorological stations in the cities of Jijel and Skikda, 
located to the north- west and the north east (45 km and 60 km away 
from the Mila Basin) of the study area, respectively. The two stations 
showed correlated rainfall episodes from January 2019 to December 
2020. The volumetric soil moisture was measured by the Advanced 
Microwave Scanning Radiometer Satellite sensor (AMSR- E) (https://
daacd ata.apps.nsidc.org/). High precipitation and soil moisture 
measurements are recorded from November until the end of 
February (wet season), whereas the opposite circumstance occurs 
in July and August (dry season) (Aslan et al., 2021; Xu, Lu, Schulz, 
& Kim, 2020). Some displacement time series were selected at the 
critical sites affected by damage, in which the temporal pattern elu-
cidated nonlinear and seasonal movements (Figure 11). The analysis 
of the time series deformation illustrated a linear trend for all poten-
tial precursor points. During the wet season, the high precipitation 
and soil moisture measurements corresponded to changes in the 
time series displacement value. This decrease or increase (according 
to movement away from or towards the LoS) in LoS displacement 
began and continued in every wetting and drying season (Figure 11). 

F I G U R E  6  Horizontal (a) and (b) vertical velocity maps decomposition inverted from LoS velocity values. The labels determine ground 
truth information which was freshly collected from the on- site inspection marked with alphabetical labels (a, b, c, d, e and f) that are 
described in Figure 7. Boundaries of the landslide are annotated by red lines. Three profiles are marked out horizontally and vertically to 
emphasis the deformation rate with respect to the slope. Profiles A- A' represent the geological cross section to be compared with horizontal 
and vertical displacement. The decomposition maps are superimposed onto the 3D high- resolution ALOS digital surface model (DSM) that is 
provided from https://www.eorc.jaxa.jp/ALOS/en/aw3d3 0/index.htm [Colour figure can be viewed at wileyonlinelibrary.com]

https://daacdata.apps.nsidc.org/
https://daacdata.apps.nsidc.org/
https://www.eorc.jaxa.jp/ALOS/en/aw3d30/index.htm
https://onlinelibrary.wiley.com/
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F I G U R E  7  Landslide's deformation impacts occurred after August 17, 2020 earthquake. The alphabetical letters from (a) to (f) are 
the ground truth where the huge crack with vertical displacement 2 m. the crack resulted from the mainshock on August 7, 2020 with 
1 m average displacement (a), the growth of the crack vertically to be 2 m displacement triggered by the aftershock (b), followed by the 
subsidence located near the annotated areas (c), (d) and (e), then the resulted tension scarps located at the bottom of landslide and in area (f) 
[Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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A change in displacement movement starting at 5 mm in January 
2019 reached 120 mm in November 2020 (Figure 11). However, 
during the time period between the two seasons (April to June and 
September to November), our investigated areas became stable. See 
the unshaded zone in Figure 11 (North et al., 2017; Ogila, 2021; Xu 
et al., 2020).

5  |  DISCUSSION

In the case of rotational sliding (Boyd et al., 2021; Sassa et al., 2018) 
at Mila (Kherba) city, mainly vertical damage is concentrated around 
the landslide crown, whereas the middle zone of the sliding surface 
exhibits high vertical and horizontal velocities. The rotational land-
slide displayed two components of motion, horizontal and vertical 
(Alam, Talukder, & Jamaluddin, 2019); hence, Figures 6 and 7 rep-
resent the correlation between the estimated vertical and E- W dis-
placement rates and the morphological parts of the rotational slide 
(Raspini, Ciampalini, Del Conte, et al., 2015) (Figure 10a). Specifically, 
the landslide crown showed steep vertical deformation at the top 

zone reaching 1 m. After 3 days, the aftershock caused landslide 
reactivation to the west (the growth of the landslide), mainly at 
the same location of the landslide crown with an increment in the 
downward subsidence to be 2 m. Vertical velocity of −30 mm/year, 
and the flanks showed lateral shear movement causing tilting and 
damage to the inhabitants' building, providing this region with a 
horizontal displacement rate of −10 mm/year to the west. Although 
the landslide's toe (found at the accumulation zone) exhibited arc- 
shaped fissures, its dominant direction tended to be E- W displace-
ment at a rate approximately −20 mm/year due to radial cracks (see 
Figures 6 and 7) (Intrieri, Frodella, Raspini, Bardi, & Tofani, 2020; 
Meng et al., 2020; Peng, Xu, Liu, et al., 2018). The velocity profile 
was plotted with the geological cross section shown in Figure 10a, 
considering the thickness of the clay layer (150 m depth) and the 
characteristics of being affected by the repeating wet– dry seasons 
(Figure 11a; North et al., 2017).

In the Grarem Gouga region, the top zone was directed to the 
west due to horizontal cracking (Figure 9g), and the E- W displace-
ment rate (approximately −60 mm/year) was predominant in com-
parison to the vertical velocity displacement at the landslide's top 

F I G U R E  8  Velocity map decomposition calculated from LoS velocity maps to estimate (a) horizontal and (b) vertical mean displacement 
rate occurred in Grarem Gouga mountainous region. Boundaries of the ground deformation are annotated by red lines, while the black solid 
and white- out arrows refer to direction of the movement east– west (a) and up- down (b). Ground truth sites observed are marked by a, b, c, d 
and e showing in detail in Figure 9 [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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F I G U R E  9  Ground truth data resulted from the slide happened after 17 July and August 7, 2020 earthquakes. Letters (a– c) express 
the sliding and groundwater seepage (d) that were observed at Grarem Gouga exactly on the highway N27 (this image is modified after 
Ogila (2021)). On the contrary, minor deformation happened at area (e) at Sibari region resulted in small- scale cracks [Colour figure can be 
viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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F I G U R E  1 0  (top) The plots of deformation velocity rate acquired from horizontal (blue dots) and vertical (red dots) components 
compared with elevation profiles of intersections (black lines) drawn in Figures 6 and 8. (bottom) profiles of A- A' and B- B′ showing the 
geological cross section based on landslide's morphology (Takada & Motono, 2020), elevation and boreholes (Athmania et al., 2010; 
Ogila, 2021) information at Mila (a) and Grarem Gouga (b) cities [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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zone (Figure 10b). The landslide toe is located near the Beni Haroun 
River and bordered by hills, and the elevation change between the 
top zone and the landslide toe is 100 m to the west direction, where 
the toe is terminated by the Beni Haroun River (Figure 10b). The 
Grarem Gouga and Sibari areas showed a higher time series dis-
placement than the Kherba area (Figure 11b), which may be related 
to the ongoing increase in the groundwater table (Figure 9a,b). This 
is the reason gabions were installed at the location of previous 
translational landslides in Grarem Gouga area (Dahal et al., 2009). 
The InSAR results along with the geotechnical and hydrologi-
cal investigations highlight the effects of the wet- dry seasons, 
which may promote the landslide activation the triggering caused 
by earthquakes (Bontemps, Lacroix, Larose, Jara, & Taipe, 2020; 
Ogila, 2021). The present study provided a detail about the slow 
movement of landslides affected by the hydrologic factors at the 
Mila Basin. Future focusing on the slow motion of landslide to de-
crease its potential avoiding natural damming phenomena since its 
occurrence increase with excessive earthquakes and precipitation. 
Continuous monitoring can be implemented to estimate the mo-
tion of landslides with high temporal and spatial resolution using 
ground- based SAR interferometry at the critical delineated areas.

6  |  CONCLUSIONS

We compared the earthquake strengths resulting in the damage that 
occurred in 2020 with the historical seismological data in the Mila 
Basin to confirm that shallow earthquakes are a sub- cause landslide 
initiation. We utilized the MT- InSAR approach to detect the defor-
mation velocity before the landslide activity, retrieving displace-
ment velocity rates up to ~50 mm/year. Rotational and planar sliding 
were detected in two far- separated regions, Kherba city and Grarem 
Gouga city. The sliding was classified into these two types according 
to the rupture surface, linking the calculated horizontal and vertical 
displacements with the ground- truth observations. Moreover, sea-
sonal rainfall and soil moisture showed a relationship with the dis-
placement time series fluctuations. Also, surface movements could 
be monitored through the time intervals when the sub- clay layer was 
exposed to wet– dry seasons. Thus, the conjunction of slope mor-
phology, soil strength and hydrological factors with shallow seismic 
shaking reactivates landslide occurrence. Finally, continuous moni-
toring for extremely slow and slow landslides is recommended to 
mitigate the landslides potential in the study area.
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