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Abstract

:

Constantine city, Algeria, and its surroundings have always been affected by natural and human-induced slope instability and subsidence. Neogene clay-conglomeratic formations, which form the largest part of Constantine city, are extremely sensitive to the presence of water, which makes them susceptible to landslides. Fast and accurate identification and monitoring of the main areas facing existing or potential hazardous risks at a regional scale, as well as measuring the amount of displacement is essential for the conservation and sustainable development of Constantine. In the last three decades, the application of radar interferometry techniques for the measurement of millimeter-level terrain motions has become one of the most powerful tools for ground deformation monitoring due to its large coverage and low costs. Persistent scatterer interferometry (PS-InSAR) has a demonstrated potential for monitoring a range of hazard event scenarios and tracking their spatiotemporal evolution. We demonstrate the efficiency of Sentinel-1 data for deformation monitoring in Constantine located in the northeast of Algeria, and how an array of information such as geological maps and ground-measurements are integrated for deformation mapping. We conclude this article with a discussion of the potential of advanced differential radar interferometry approaches and their applicability for structural and ground deformation monitoring, including the advantages and challenges of these approaches in the north of Algeria.
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1. Introduction


With the development of differential Synthetic Aperture Radar interferometry (D-InSAR) and persistent scatterer interferometry (PS-InSAR), wide area monitoring of ground motion from space became a reality. D-InSAR is used for monitoring ground motion and measuring displacement at millimeter accuracy and large surface coverage. It allows us to study various hazards such as earthquakes [1], fault fissures, volcanoes [2], landslides, and subsidence [3,4,5,6,7,8].



D-InSAR has been successfully used over the last three decades to generate high spatial density displacement maps in centimeter/millimeter accuracy across wide areas; however, the interferogram quality is largely affected by temporal decorrelation and atmospheric disturbances. To reduce these limitations reliable deformation measurements can be obtained in a multi-image framework analyzing the spatio-temporal development of permanent scatterers (PS) [3]. PS-InSAR is used in many applications for hazard mapping and monitoring. Applications include studies of displacements from seismic events [4,5], subsidence [6,7,8], uplift, swelling, and buckling around fault streams [9]. Other applications extend to regional and local scale landslides [10,11], pre-volcanic swelling [2,12], deformation related to ground-water extraction [13], subsidence in urban areas [4], as well as subsidence due to underground activities i.e., mining and tunnels [14], ground motion subsidence, and uplift in temperate oceanic climate areas characterized by high temporal and geometric decorrelation [15].



With the launch of the Sentinel-1 constellation from the European Space Agency (ESA), global coverage with short temporal baselines became a reality, making the Sentinel-1 constellation an ideal sensor for the surface motion estimation in our test area. Sentinel-1 normally acquires data in TOPS (terrain observation by progressive scans) mode, which offers wide coverage. It has improved the data acquisition throughput and, compared to previous sensors, has increased considerably the D-InSAR and PS-InSAR deformation monitoring potential allowing long-term geohazards monitoring on a regional scale [16]. Sentinel-1 data is often used to generate regional-scale deformation activity maps for geohazards management and to prevent the potential impact of geohazards (volcanic activity, landslides, and subsidence) on urban areas [17].



Among the most frequent natural disasters in Constantine, located in the northeastern part of Algeria, are landslides. Especially eastern Algeria suffers from very dangerous landslides in its large urban area [13,14,15,16,17,18,19]. Due to increasing urbanization pressure, the construction activities around Constantine moved toward unstable land, outside of the historic old town, which was built on stable ground called “The Rock of Constantine”. In that expanding urban agglomeration, the population is living with the risk of catastrophic natural hazards through a perceived safety net of building codes and engineering solutions. Unfortunately, all concern for these hazards is often focused on their immediate impact to everyday lives and does not account for the imperceptible processes that may become significant in future [20]. Previous studies conducted in this area, had insufficient means of landslides investigation and the obtained results were partial and local. Therefore, we used PS-InSAR for monitoring the Constantine city and its surrounding, while taking into account the result of previous works.



The main objective of this study is to increase the potential of detecting active landslides and ground subsidence, to monitor and analyze the temporal evolution of detected deformations by providing time-series deformation and velocity maps. This study supports a better understanding of the distribution of deformations and their geomorphological and geological causes.



This paper is organized as follows. In Section 2, we describe the geomorphological and geological context of the study area and the main characteristics of the Constantine landslides. In Section 3, the data and methods are outlined. The results from the PS-InSAR analysis are presented in Section 4. We discuss the relationship between ground deformation and the local geomorphology. An analysis of the correlation between geology and deformation in the study area shows the potential and limits of the PS-InSAR for generating deformation maps. These results suggest future research directions.




2. Study Area Description


2.1. Geography of the Study Area


Algeria is the largest country in Africa (see Figure 1). It borders on the Mediterranean Sea with a coastline stretching close to 998 km between Morocco and Tunisia. The geography is diverse and can be divided into three zones:




	
The Tellian and Saharan Atlas mountain ranges, which cross the country from the east to west;



	
The fertile coastal plain in the north, where the most populated cities are, e.g., Constantine;



	
The Haut Plateau region and the desert.








Nearly 80% of the country is comprised of desert, steppes, wasteland, and mountains. The Tellian Atlas stretches for nearly 1622 km along the Mediterranean coastline. It is formed by mountain ranges along the coastline and away from the coastline to the south (e.g., the mountains of Constantine in the eastern part). These mountains are often separated by valleys, sheltering rivers like the valley of the wadi Rhummel crossing Constantine.



Constantine, located in northeastern Algeria, is selected as the study area. It is the third most populated city in Algeria with 938,475 inhabitants (ONS 2008) and is one of the most ancient cities in Algeria (Cirta about 2300 years ago). It is also famous for its cultural heritage buildings, including constructions of architectural value, located at the Tellian Atlas. This is one of the regions most affected by earthquakes and slope deformations [21,22,23,24,25,26], which are the most important geohazards in the country.



The climate of the Constantine region is semi-arid, characterized by high temperatures and low humidity, with mainly two distinctive rainy and dry seasons. The dry season is from June to August with an average temperature of 28 °C, and the rainy season lasts from December to February, with about 60% of the annual rainfall amount. The frequency and intensity of the rainfall is concentrated over a short period during which rainstorms and flash floods represent the major landslides hazard factors. The hydrological network of Constantine is comprised of the Rhummel and Boumerzoug rivers (permanent flow). The tributaries of these rivers are Mellah and Megharouel in the west, and the Chaabet Ersas and Chaabet El Klab in the east flowing occasionally. The distance to the river network has influence on the landslide occurrence in the region i.e., about 30% of historic landslides were recorded along the east side of the Rhummel river.



This area shows landslides at least from October 1993, for example near the Kitouni avenue. During the night, deformations of the slope reached a speed of up to several centimeters and even decimeters per hour. Later in 2003, the depth of surfaces of the ground of each slipping block was estimated between 12–16 m using inclinometer measurements, where the general velocity of displacements rises to 4 cm/yr [27]. The main elements (head slump blocks) of the landslide occurred at the bottom of Coudiat Aty. The main body of the slip extends to the left bank of the Rhumel valley, the unstable mass was in a channel of almost 1100 m length and 300 m width, from where approximately two million tons of soil and materials was moving [28].




2.2. Geology of the Study Area


From a geological point of view the Constantine region belongs to the external domain of the Tell Atlas chain, a part of the North African Alps (Maghrebides), built during the main paroxysmal compressed phases of the Eocene and Miocene epochs [29,30] and the Quaternary period. Its variations, structure, and properties are the most important factors influencing the occurrence of landslides. Most of Constantine landslides occur in Miocene sediments and sometimes in Cretaceous materials of the Tellian sheet thrust with a large heterogeneity, stronger permeability, very sensitive water presence, and average-to-high plasticity [29,31,32].



Constantine exhibits four main lithostratigraphical formations, as shown in Figure 2:




	
The Cretaceous limestone and marls bed rock that belong to the Constantine neritic formation, e.g., the rock of Constantine and in d’El Ménia–Djebbas;



	
The Cretaceous–Eocene marls and calcareous marls of the Tellian thrust sheet unit;



	
The Mio–Pliocene sandy clays and conglomerates; this is the most widespread lithology and represents half of the area. The clayey-marl group contains local sand and gravel horizons of varying thickness. Frequent landslides take place in conglomerate interspersed with marly sediments layers [31];



	
The Quaternary alluvial terraces and lacustrine calcareous formations.








As shown in Figure 3, the area of Constantine is characterized by a zone of detachment regimes. The tectonic context of the Constantine region results from the convergence of the Eurasian and African plates [21,22,23,24,25]. As a result, this region is one of the most seismically active regions of the Mediterranean [33,34], characterized by intense seismic activity. The city is exposed to a complex of moderate to strong seismic hazards.



The regional geodynamic context, presented earlier, shows a set of tectonic structures (folds, faults) with a general direction perpendicular to the direction of convergence (NNW-SSE) of the tectonic plates. These active tectonic structures are thus responsible for the spatial distribution of the seismicity of this region. The Ain Smara Fault, shown in Figure 4, situated southeast of Constantine, is a major active fault and a primary source of earthquakes affecting Constantine confirmed by surface ruptures observed after the 1985 earthquake [35]. This fault can be considered as an important potential source of seismic activity according to the probabilistic seismic hazard study of Algeria [25]. It generated the strongest earthquakes in 1908, 1947, and in 1985, the latest corresponding to the strongest event recorded since the implementation of instrumental seismology in Algeria [35], causing significant damage in Constantine (Ms = 5.9, October 27, 1985). These past earthquakes are responsible for triggering landslides in the Constantine area by affecting the geologic structure, slope angle, and water saturation.





3. Materials and Methods


3.1. Data


SAR images, acquired by Sentinel-1, are used to derive ground displacement maps and deformation scenarios for Constantine city. The ground resolution of the sensor, in IW mode, is about 5 m in range direction and 20 m in azimuth direction. In comparison to other acquisitions modes, IW uses TOPS, which requires extra data processing for image co-registration that needs to be very accurate, to about 0.001 of pixel [36,37,38,39].



After the launch of Sentinel-1B, it became possible to use the two Sentinel-1 satellites (A and B), changing the revisit time on the area of interest to six days. This high temporal sampling allowed us to reduce the temporal decorrelation of the interferometric pairs and increase the number of coherent points [40].




3.2. PS-InSAR Processing


SAR images, spanning the period between 13 February, 2015 and 17 December, 2017, were analyzed by means of the PS-InSAR technique [3] and divided into two image stacks.



The first stack consists of 72 images from the period 6 August, 2015 to 17 December, 2017 acquired in a descending orbit (number 66). The image from 11 October, 2016 was chosen as the master for the second stack (see Figure 5).



For the second stack of 80 images, acquired from an ascending orbit (number 161) during the period 13 February, 2015 to 27 July, 2017, the image from 26 May, 2016, was chosen as the master image (see Figure 6).



In PS-InSAR, SAR data time-series are analyzed. The method focuses on stable, point-like scatterers that are not suffering from speckle and provide a deterministic signal. These are the so-called persistent scatterers (PS) that provide stable phase history over the acquisition time span [3,41,42].



The PS phases are stable over time and do not suffer from temporal decorrelation, they allow long-time observation and deformation monitoring. The interferometric phase (φInt) of a SAR signal of wavelength λ between two different images can be expressed as:


φInt=φtopography+φMovement+φOrbit +φAtmosphere+φNoise 



(1)




where φtopography is the change in phase because of height errors, φMovement is the component caused by the displacement of the terrain in the line-of-sight direction between the two SAR acquisitions, and φOrbit  is the phase error induced by orbit estimation errors. φAtmosphere is the phase component due to atmospheric phase delay differences. Finally, φNoise  is the phase noise including thermal noise and other error components not included in the other terms.



There are several multi-baseline InSAR approaches for measuring surface motion available and the choice between these different techniques depends on many factors, like the radar sensor characteristics, the target of the study, or the characteristics of the test site (geology, land use, topography, etc.). Here we used the classical permanent scatterer interferometry, described in [3,41], as it is implemented in SarProZ [7]. The analysis of the images was carried out with the following steps: The first step consists of image co-registration; afterward follows the selection of PS candidates (PSC) based on the amplitude stability index [2]; next is the estimation and removal of the atmospheric phase screen (APS) and; finally the generation of the velocities and time-series deformation maps. We used the SRTM DEM with a resolution of 1 arc-second (30 m) as external Digital Elevation Model (DEM) in this study to remove the topographic phase from the differential interferograms [43].



3.2.1. Interferogram Network Generation


Starting from the stacks of complex SAR images (Single-Look Complex - SLC), we generated a network of interferograms. The master image was selected with respect to the geometric and temporal baselines at the barycenter of the distribution of normal and temporal baselines. In the selection of the master images we made sure that no rain was reported at the time of acquisition. Interferograms are then analyzed, both spatially and temporally, with the aim of detecting areas affected by deformation. A visual inspection of the single interferograms permits the identification of the spatial patterns associated with the potential deformation areas, flagging of bad interferograms with fringe jumps in the azimuth direction, and facilitates correction of crude error by enhancing the co-registration strategies.




3.2.2. Point Selection


Even if a single S-1 frame contains millions of pixels, only a small portion of them is exploitable for deformation measurements. There are different statistical criteria used to discriminate the noisier pixels from those with low level of noise. However, the use of very restrictive thresholds can result in a critical loss of spatial coverage. The general purpose of this step is to make a compromise between the quality of the selected points (little affected by noise) and the spatial coverage. Hence, for each case, different criteria are evaluated in order to make the best trade-off. For example, in our study area, the selection of points was based on an amplitude index stability set to a threshold of 0.3. Thus, only points with an index value lower or equal to 0.3 were selected. The following least squares estimation is limited to the topographic height error between −50 m and 60 m and for the linear velocity between −100 mm/year and 100 mm/year.




3.2.3. APS (Atmospheric Phase Screen) Estimation and Removal


SAR acquisitions are affected by different atmospheric conditions at the acquisition time. Water vapor delays the radar signals. The spatially varying distribution of the water vapor also leads to differences in the path delay throughout a SAR image. The APS is estimated using spatial temporal filters [44]. The estimated APS was removed from the results. The remaining phases are then used to estimate the topographic height error and the linear deformation velocity.




3.2.4. Deformation Velocity Estimation


This is the last step in the deformation map generation. This block consists of an estimation of the deformation velocity from the obtained time series. The obtained time-series deformation maps are composed of thousands of PS (persistent scatterer). Each PS is associated with the value of the annual linear velocity (mm/yr), estimated over the analyzed period and the displacement accumulated at each sensor acquisition date. The measured PS points are estimated to the movement of the ground point along the satellite line-of-sight (LOS) direction. Movements toward the sensor are positive (represented in blue in the deformation maps) and movements away from the sensor are negative (represented in red). The stable points, within a stability threshold of −5/+5 mm/yr, are represented in green. We selected a stable reference point in the center of Constantine city (Rocher de Constantine). The reference point was in an area that is consistently stable with high spatial coherence throughout the time series, but the measured signal in all PSs inherently includes background temporal variability, because InSAR measures the relative movement to the reference point.





3.3. Post-Processing


The potential deformation areas identified in the previous steps were analyzed addressing the following concerns:




	
Detecting the errors occurring during the processing step;



	
Assessing the temporal behavior of each detected deformation phenomenon and to pair it with the collected information about the field; and



	
Confirmation or modification of the shape of the detected deformation areas through a comparison of our results with previous work.








The detected deformation areas were transformed to an external reference system, i.e., to geographic or cartographic coordinates.



After the PS-InSAR processing, we used a Geographical Information System (GIS) analysis in order to process and analyze the time series deformation (TS) data, using three inputs:




	
PSI-derived ground deformation map;



	
Inventory map of the landslide;



	
A geological map.








The GIS analysis consists of the integration of the PS-InSAR derived data with geological and geomorphological data in order to interpret and validate the detected areas of deformation. This information can then be used to update the preexisting landslide inventory maps. The information from the previous steps is then combined with different information layers: a digital elevation model; aspect and slope; geo-lithological maps; existing landslide inventory maps, etc. These layers are used to carry out a geological and geomorphological interpretation that will allow us to confirm, reject, or modify the PS-InSAR estimations.





4. Experimental Result


We used PS-InSAR, as described and implemented in SARProZ [7,44], which permitted us to locate the main deformations in Constantine city. Figure 7A shows the deformation map obtained for stack one, descending orbit number 66, spanning from 6 August 2015 to 17 December 2017. Figure 7B shows the deformation map obtained for stack two, ascending orbit number 161, covering the period from 13 February 2015 to 26 July 2017.



All figures show an acceptable coverage of PS points over the area of interest. For track 161 39,655 PS points are found, and 21,714 in track 66. In all tracks, a connection between the urban areas of Didouche Mourad, Hamma Bouziane district in the northern part, the center of the city Constantine, as well as Ain Smara and Ali Mendjli districts to the south was established.



The results for the two stacks indicate that most of the area is stable (in green) and it can be seen that the deformation pattern is well defined where zones of ground deformations are identified at various locations in and around Constantine. From the overview in Figure 7, we can see motion in the center, near St. Jean, at El-Amel, and at the airport.



The largest deformations are found near St. Jean, with values ranging from −20 to −35 mm/yr from the descending orbit (track 66) and 15 to 30 mm/yr from the ascending orbit (track 161), as shown in Figure 8. It can be seen that the motion shows strong linearity and therefore a good fit into the basic assumption of a linear deformation pattern.



The negative motion, i.e., motion away from the sensor, shown in the data from the descending orbit and the positive motion, i.e., motion toward the sensor, shown in the ascending orbit, indicates horizontal motion roughly toward west.



Strong deformations are observed in the center of the city at two locations, which are around the Avenue of the Republic and the Boussouf district. In the Boussouf district, we found motion between −7 to −12.7 mm/yr from the ascending orbit (track 161) and 7 to 10 mm/yr from the descending orbit (track 66). Again, we found mostly horizontal motion in the center area as shown in Figure 9.



The surface motion around the area of El-Amal (see Figure 10), is less clear in some areas, due to temporal decorrelation in the rural areas and the sub-urban areas. South of Bekira, Hay la City, Hay Barkat, Ouelad Ziyad, and Hey Elcharikatare surface motion is visible in Figure 10. Again, the motion direction is different from ascending and descending orbits, with 17 to 23 mm/yr motion from the ascending orbit and −22 to −33 mm/yr motion from the descending orbit. This indicates a relatively strong horizontal motion.



Subsidence can be found in the southern part of Constantine. Especially at the southern end of the airport, we found negative velocities from the ascending orbit between −14 to −25 mm/yr and negative velocities from the descending orbit ranging from −13 to −19 mm/yr (see Figure 11). This shows a relative strong subsidence at the southern end of the airport, which may affect the runways in the near future.




5. Discussion


The application of PS-InSAR over Constantine revealed a number of previously known sites showing deformation and ground motion (e.g., Boussouf and Saint Jean), where the comparison of previous studies and field surveys with our results demonstrates a good overlap. Other areas, like Hay El Amel near Sidi Arab in Figure 10 as well as the airport Figure 11, shows motion, which was not documented previously.



As it is shown in the geologic map of Constantine, we found the superposition of geologic formations where the rheological contrast between them is high, at the bottom the hard-thick limestone formation called “néritique constantinois” attributed to the Early Jurassic and Cretaceous ages, covered by a highly plastic material constituted of clays and sandstone. All these formations are affected by a fault network, which acts as a potential detachment horizon.



Landslides in Constantine and the slope map explain this relationship, as most of Constantinian landslides occur where slopes are above 10%. However, not only natural factors cause landslides, anthropic activities can also stimulate land mass displacements.



One example of such phenomena in Constantine can be observed in the northern part of the city, as shown in Figure 10 and Figure 12. No landslides were reported in Sidi Arab, the South Didouche Mourad district, until 2001. Since then, the area of Sidi Arab began to move toward the west after the opening of an open pit to extract clay for a ceramic factory newly installed in the Didouche Mourad industrial zone. The loss of material in the front of the slope and the perturbation of the hydrographic network caused the formation of little swamps, leading to water reacting with the clay formation. In our fieldwork, we recorded damages caused by the Didouche Mourad landslide. The most remarkable damage was seen in a school that never opened, because of the surface motion. Unfortunately, no PS point was detected on the school. We assume this might be due to the construction activities during the date acquisition period. Nevertheless, we can extrapolate the surface motion from more coherent areas to the area where the school is located.



Another problem appears to the south of the detected landslide, where new buildings of five floors (R + 5) are being built. The local authorities ignored the surface motion, and after completing around 70 percent of the project the company begun to have issues with the surface motion. To deal with it, they changed the height and the number of levels of the buildings into one level (R + 1); however, the land is still moving according to the PS-InSAR results and it remains highly questionable if this is a sustainable strategy.



Constantine faces challenges from its growth, due to landslides affecting the city center (e.g., Saint Jean) and neighboring areas (e.g., Boussouf). The local authorities estimate that more than 120 hectares are affected by surface motion, leading to more than 15,000 houses, with about 100,000 inhabitants, threatened.



Metric escarpments (scarp) appear at the head of the landslide are clearly visible on deformed slopes of the Belouizded-Kitouni Boulevard and in the foot by a corrugated morphology characteristic of the unstable argillaceous slopes. The slipping mass is composed of several blocks moving differently in space and time [27].



A field survey confirmed the deformations recorded by PS-InSAR, the photos in Figure 13 and Figure 14 show that the site is suffering from several movements, which put the life of the inhabitants in danger. Various forms of instability are observed on the roads of the various districts and in the building, which are often seriously damaged.



The causes of this instability are due to various natural and anthropic factors such as the predominance of lithological formations of soft consistency, the rugged topography of the slopes, the infiltration of rainwater in the soil, the lack of vegetation covers on degraded slopes, the degraded state of sanitary drainage networks of the city, the shabby construction, and the lack of drainage of rainwater. Before the urbanization, this site was characterized by a wavy and corrugated relief. Previous works describe the area as a place of a series of circular landslides, characterized by their steep slopes in the head followed against the bottom by a corrugated morphology at the lower downhill of the slipped mass. On the level of the western peak of the valley, instability takes shape by a large vertical displacement. It is located in the prolongation of an active landslide, where the higher part is consolidated by gabions. Other landslides were localized 200 m to the south and 120 m toward south-west, present a danger on constructions upstream and those located downstream [28].



The PS-InSAR analysis results were superimposed on the existing landslide, while a field investigation revealed damages to the buildings. Subsequently, new residential buildings remain uninhabited because of the appearance of numerous cracks on the pillars of the buildings. Some of these damages and the misplaced construction activities on active landslides could have been avoided, by using PS-InSAR based surface motion surveillance beforehand.



The causes of instability are due to the combination of natural and anthropogenic factors. Obvious surface motion in and around Constantine starts as soon as silty clay loam of slopes border or exceeds 10% in the lithological formations.



The obstruction of the natural network of drainage of the surface waters, which generate an active gullying, where the stagnation can generate other landslides. The urbanization accelerated the phenomenon of the landslides, by the passage of large machines on the slopes with argillaceous forming during construction. The various alteration works completed on-site involved the reactivation of some landslides. Currently, tension cracks are observed on the slopes of the site presenting a great danger in the future and must be considered very early by the authorities, so that the necessary safety measures can be taken in time.




6. Conclusions


We have presented examples of geomorphologic and geological hazard threatening the urban areas in the northeast of Algeria and landslides related to topographical/geological factors.



PS-InSAR highlights zones of deformations as it permits dense sampling of observations, several hundred measurements per square kilometer. The urban expansion of Constantine city faces landslides causing damages to many buildings. It is also exposed to flood risk near rivers. In Boussouf, causes are linked to low stability of the marly Miocene slopes, often disrupted by excessive earthworks, and occupation of riverbeds, which is also the case in the three other locations of the central part of Constantine, i.e., St Jean Road to Road Kitoni Abed Elmalek, Hay Elbir or district Boudraa Salah. On the contrary, in the northern part of Constantine the superposition of a geologic formation with high rheological contrast, and the fault network, can act as a potential detachment horizon. However, natural factors are not the only cause of landsides. Mining clays for the ceramic factory quarry in Didouche Mourad can accelerate the deformation. As we can see, Constantine has serious issues with landslides, therefore local authorities should keep an open eye on these phenomena. A permanent control is necessary to monitor the affected areas. A comparatively low cost and accurate way is surface motion estimation using PS-InSAR, especially with the global availability of Sentinel-1 data.



Finally, from the landslide hazard map, the several potentially most dangerous slides have been identified. Landslides in Constantine move constantly at slow velocities, a few centimeters per year on average. Damages to buildings are the result of cumulative displacements over several years, which is why the inhabitants do not want to evacuate their homes. The present work of hazard monitoring and risk monitoring, as well as the landslide inventory of existing studies has been strongly directed toward risk management and their application. Up-to-date results can be used to better estimate the nature and/or extent of such potential natural disasters with PS-InSAR.
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Figure 1. (a) Geographical location of the study area within northeast Algeria; (b) Provincial limit of the Constantine city and study area square. 






Figure 1. (a) Geographical location of the study area within northeast Algeria; (b) Provincial limit of the Constantine city and study area square.
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Figure 2. Lithological map of the study area: 1—Quaternary colluviums, conglomerate and thick fill; 2—quaternary recent alluvial terraces; 3—quaternary ancient alluvial terraces; 4—quaternary lacustrine calcareous formations; 5—Pliocene lacustrine calcareous formations; 6—Miocene marly clay; 7—Miocene conglomerates; 8—flysh Massylian formations (upper cretaceous); 9—Tellian Calcareous marls (Cretaceous–Eocene); 10—neritic limestone (Cenomanian–Turonian). 
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Figure 3. Main tectonic and kinematic regimes in the African–Eurasian plate boundaries. 
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Figure 4. Map of active faults in Constantine region (Bouhadad 2009; CGS 2011a. Representation of Ain-Smara fault and Constantine city (Bounif et al. 1987)). 
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Figure 5. Star graph drawing showing the temporal/perpendicular baseline distribution of data pair of the orbit number 161. Blue lines represent the interferogram of two SAR acquisitions in blue dotes. 
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Figure 6. Star graph drawing showing the temporal/perpendicular baseline distribution of data pair of the orbit number 66. Blue lines represent the interferogram of two SAR acquisitions in blue dotes. 
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Figure 7. Line-of-sight (LOS) mean deformation velocity map of Constantine of tracks 66 in (A) and 161 in (B) respectively. 
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Figure 8. Displacement time series of two points near St Jean. Left: track number 66; right: track number 161. 
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Figure 9. LOS mean deformation velocity map of Constantine (center) of tracks 161 (A) and 66 (B). 
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Figure 10. Deformation map of El-Amal; (A) ascending orbit number 161; (B) descending orbit number 66. 
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Figure 11. Deformation map at the Constantine airport; (a) descending orbit number 66; (b) ascending orbit number 161. 
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Figure 12. Landslide damage on the infrastructure in Sidi Arab (South Didouche Mourad). 
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Figure 13. Building damaged at the Boussouf district. 
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Figure 14. Damaged school at the Boussouf district. 
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