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Abstract

:

The specific lithology of the southern part of Bejaia city represents a major limitation to urban settlement and expansion. This is partly due to landslides that tend to affect this region. To date, one of these landslides in this region has occurred in the Targa Ouzemour area, where the damage extended approximately six hectares. The main purpose of this study is to identify the failure surfaces characterizing the internal structure of this landslide as well as the significant influence of groundwater on slope instability, which manifests as surface cracking and subsidence. We have combined several geotechnical and geophysical methods, including field observations. The exploitation of the collected geotechnical data from the six (06) boreholes drilled in the landslide zone has allowed for knowledge to be gained on the lithological components, as well as the characterizations of physical and mechanical properties on a range of different types of affected rocks, whereas electrical resistivity tomography (ERT) data allowed an in-depth examination, leading us to reconstruct the landslide geometry and particularly to evaluate the hydrological characteristics of the studied site. Moreover, the resistivity contrast patterns provided more clarity to discern between the various lithological formations that are still stable or actively moving within this landslide. All these findings have contributed to the construction of a characteristic geomodel that highlights the failure surfaces over which displacement is still experienced. Finally, with the evidence of rainfall effects on the deformation and stability of the slope, specific landslide remedial measures were accordingly suggested.
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1. Introduction


In a broad sense, landslides can be described as mass movement phenomena. Frequently, these mass movements are attributed to the downward movement of slope-forming material along a specific shear plane [1]. Notice that geological processes associated with landslides are very complex geological phenomena [2,3]. Many factors can thus lead to such phenomena, which generally consist of natural and triggered factors [4,5,6,7].



Their in-depth characterization involves several geoscience disciplines, namely, geotechnical methods of destructive and non-destructive testing [8,9] complemented by geophysical ones, e.g., [10]. Among these disciplines, an increasing use of subsurface geophysics has been noted during the last two decades [11]. The study of a complex landslide necessarily involves field observations and geological, geotechnical reconnaissance campaigns involving drilling and laboratory tests. Although such surveys may provide an accurate structural overview of the landslide, they remain insufficient to determine the role and effect of groundwater on landslide instability and reactivation. They provide only local information about the lithology and the surface of the landslide, in addition to the characterization of some physico-mechanical parameters related to the depth below the surface. The geophysical techniques represent a suitable complementary tool to the geotechnical investigation campaign, especially when the morphology of the sliding surface has to be characterized [12,13]. The limitations of geophysics are generally related to the non-uniqueness of the solution, depth-dependent resolution and detection. Nevertheless, geophysics remains non-invasive and flexible in its application, for example, its application in complex environments such as slopes and/or landslides. Due to the indirect information provided by geophysics, especially in the context of landslides, calibration with geological and geotechnical datasets should be crucial to ensure credible interpretations [14] and references therein.



Among the most widely used geophysical methods for landslide investigations, electrical resistivity tomography (ERT) is systematically envisaged, e.g., [13,14,15,16,17,18,19]. When combined with geotechnical investigations, this will yield more information on the reconstruction of landslide structure, the geometry of the failure surfaces and, in particular, the hydrological characteristics of the studied site. Broadly speaking, the principle of the ERT method consists of injecting a direct current into the ground between two electrodes and measuring the resulting potential between another pair of electrodes. The ERT measurement process is based on a series of ER measurements along with linear arrays of electrodes and their spatial distribution in the subsoil. As a result, a 2D image of the subsurface resistivity can be automatically generated within the programming of measurements according to the selected geometry of the electrode arrays. Because of their improved horizontal resolution and suitable depth coverage, the Wenner–Schlumberger and dipole–dipole arrays are the most commonly selected geometry arrangements for these electrode arrays (e.g., [6] and references therein).



Historically, rainfall combined with geological formation has played an im-portant role in triggering landslides in the Bejaia region. The combined occurrence of these natural potentially threatening phenomena could generate significant losses in human life, as well as considerable socio-economic consequences. However, the northern part of the region remains threatened by different types of natural hazards [11,12,13,14,15,16,17,18,19,20]. As a causal relationship usually co-exists between rainfall and landslides, this raises more concerns about landslides, especially in this vulnerable part of the region. In our study area, located about 180 km east of Algiers along the Mediterranean coastline, such a natural phenomenon is very worrying. Nowadays, the whole east-coastal region is under serious threat [21]. The landslide phenomenon is being increased in the region owing to modern infrastructure projects, new economic resources and high population density, as well as the interaction of geological, geomorphological, seismic and climatic factors.



There is some evidence of both ancient and recent instability observed locally in the municipality of Béjaïa and its surroundings. Significant mass movements of different types have been identified during geological investigations in this region. These include the Targa Ouzemour, Ighiel Ouazoug, and Aiguades landslides, as well as the rockslides and collapses of Djebel Gouraya and Sidi Boudrahem [21,22]. Geomorphologically, the most pronounced ones occur in particular in Mio-Pliocene clayey-marly formations, and in Upper Cretaceous clays, marls and marly limestones, and in Neocomian shale marls [22].



The Targa Ouzemour landslide occurs in Miocene marly clay with few sand formations. It represents the largest landslide area in the southern part of the Bejaïa region. It represents a significant risk and therefore a high priority because of its reactivation and location downstream from a university campus. The main deformation and damage extend to about six hectares (6 ha). A previous geotechnical study was conducted in the landslide area to identify the geological, geotechnical and hydrogeological characteristics of the landslide area (Soummam, 2012). Despite the availability of a good geological and geotechnical synthesis, the study did not reveal the origin and importance of the groundwater presence on landslide reactivation; as well, the failure surface geometry remains unknown.



The aim of this study is to characterize and delineate the evolution of the landslide, the deformation characteristics and the geometry of the failure surface, taking into account the effect of groundwater on the saturation of the stratified marly clays and backfills. The ERT method was applied along with distinctive profiles where geotechnical data were available. The use of a combination of geological, geotechnical and geophysical investigations provided useful information for identifying the geometry of the failure surface and/or defining the internal structure of the investigated landslide. All of these issues are further discussed below after the new mapping of the horizontal and vertical extent of the instability and landslide remedial.




2. Description of the Study Area


The landslide occurred in Targa Ouzemour village, situated in the southern region of Béjaïa prefecture (Wilaya) (Northeast Algeria) and about 180 km east of the Algerian capital, Algiers. Nowadays, the Targa Ouzemour landslide remains one of the main urban hazards, which threatens this southern sector of Béjaïa city (Figure 1). More precisely, it is bounded towards the North and East by Targa Ouzemmour village, southwards by Abd Arahmane Mira University, and to the West by Ighil Batagh village. As a consequence of the landslide, considerable damage has occurred to the surrounding infrastructure and threatens the entire region. The affected area extends over approximately 6 Ha. However, the most severely affected infrastructures include the university campus of Béjaïa “Abd Arahmane Mira University”, in particular its upstream part and the downstream side of the university residence of “Targa Ouzemmour”, adjacent to the campus (Figure 2).



The detailed regional geology, including the landslide zone (Figure 3), has been widely documented early from the original pioneering works [23,24,25]. Referring to these pioneering works, the landslide area is part of the Brek–Gouraya unit of the Babors range, which belongs to the external zones. The stratigraphic succession within this unit starts with a Triassic clay-evaporite, marl-gypsum and sandstone formation [25,26,27]. For the Jurassic, it is mainly composed of calcareous and calcareous-dolomitic levels with conglomerates transitions, which are also well represented in this unit within the Jebel Gouraya. The Cretaceous deposits outcrop in the region upon two different lithological units, known as the Pelitic and the Marly schisto-sandstone formations. The Paleogene is mostly present along the southern part of the region, in which the Paleocene is marly pelitic while the Eocene is calcareous to marly afterward. The marine Mio-Pliocene comprises blue marls, which develop over almost 15 km within the Soummam depression [28,29]. In contrast, according to Leikine (1971) [26] and Hassissene (1989) [27], the continental Pliocene consists of consolidated breccia outcrops bearing very large elements derived from the Jurassic limestones. Specifically, the displaced mass is marked by a succession of marls with varying degrees of sandy with clayey thin interlaying, and colluvium accumulating locally which can be found superficially.



Geomorphologically, the Targa Ouzemour landslide occurs on a slope forming the foothill of the Djebel Bouzegua with a slope dipping toward the south at an angle of 5°–12° and composed of clayey-marly deposits. Following its upstream evolution, the main scarp marking the new upper limit is located upstream of the residential blocks at an altitude of 56 m (above sea level), and the landslide toe is located just upstream of the university boundary wall.



Due to its climatic conditions of “Mediterranean type”, this region is characterized by an important rainfall, with an average annual height that exceeds 900 mm/year. The rainfall is distributed during three seasons of the year, is very wet and spreads from October to March. The rainfalls are for the most part in the form of thunderstorms and torrential rains. The field observations in the Miocene formations show the existence of a highly developed hydrographic hairy behavior with mudflows and landslides. This behavior shows the effect of precipitation on the Miocene formations and the gravity phenomena control. For example, the landslide which underwent such interaction occurred around the village of Aokas, about 25 km from Bejaia. Its reactivation was triggered by the heavy rainfall of 13 March 2012 [21].




3. Materials and Methods


In order to understand the landslide mechanism and the groundwater effect on landslide reactivation in more detail, we have used and analyzed the available data from the geological-geotechnical investigation campaign carried out by the Soummam laboratory (2012), and a complementary investigation campaign by using electrical resistivity tomography (ERT) geophysical imaging of the subsoil carried out by (CRAAG, 2021). The landslide evolution mapping was based on a field investigation, high-resolution Google Earth photos and the interpretation of aerial photographs.



In order to characterize the geological formations affected by the landslide, the geological data of the Targa Ouzemour landslide and surrounding areas were obtained from the Bejaia geological map at a scale of 1:50,000 and various field mapping missions. The geotechnical available study to date on the Targa Ouzemour landslide was that conducted by the “Soummam laboratory” in 2012, including those dealing with geological fieldwork and geotechnical drilling. During this campaign, six (06) boreholes in total have been completed, covering a range of different types of affected rocks (Figure 4). The laboratory tests and analyses carried out on 18 samples were essentially focused on the lithological components, as well as physical and mechanical property characterizations.



For the hydrogeological conditions, investigations were carried out on a domestic water well located upstream of the landslide. This follow-up study concerns groundwater level fluctuations and their influence on weathering and stability.



In order to understand and delineate the deformation mechanisms and movement patterns associated with the Targa Ouzemour landslide, our investigations have been focused on the entire landslide area, primarily on its upstream part that coincides closely with the university residence stadium (Figure 4). There are a number of landslide-related deformation markers visible in the stadium area (Figure 2). The latter was chosen considering a relatively relief-free topography that makes geophysical investigations quite achievable. Moreover, the geotechnical boreholes are available at this location.



At the Targa Ouzemour landslide, electrical resistivity tomography (ERT) measurements were carried out by CRAAG in 2021; the ERT profiles were performed using the ABEM Terrameter LS 2 resistivity meter. By using an array of measurement electrodes, the Wenner–Schlumberger and dipole–dipole arrays were the most commonly tested on each profile data acquisition to improve horizontal resolution and suitable depth coverage. In total, three ERT measurements were carried out and each one measured 115 m in length (Table 1). The first two profiles were oriented perpendicular (P1, P2) and the third one (P3) was parallel to the landslide directional movement (Figure 4). The obtained apparent resistivity data were then reversed using RES2DINV version 4.8 software [23]. The individual models were selected after five iterations, after which the root mean square (RMS) remained significantly unchanged.



It was specifically around this university residence where geotechnical and geophysical investigations were carried out. The conducted geotechnical program and the ERT profiles from the geophysical investigation campaign are shown in Figure 4.



To analyze the landslide indices with different surface deformation characteristics, the failure surface morphology, the groundwater depth and the internal structure of the landslide, our analysis is focused on (1) field observations and boundary mapping of the landslide extension; (2) analysis of the available geological, hydrogeological and geotechnical investigations carried out by the Soummam laboratory; (3) analysis and interpretation of the available geophysical investigations (electrical resistivity tomography (ERT) measurements carried out by CRAAG in 2021.




4. Results and Discussion


4.1. Deformation Characteristics of the Landslide


From field observations, the slope inclination is between 15° and 35°, generally NE–SW oriented, with transverse cracks and subsidence. Owing to this geometrical configuration and its location in the rainiest region (~900 mm/year), this unstable slope is affected by serious excavations and increased erosion caused by surface water flows. In addition, the landslide is accentuated especially during the winter period. The hydrographic network disturbance and the movement of groundwater from various sources are the most serious aggravations. This has resulted in severe damages, which affected above-ground structures. Several signs of deformation are observed with cracks and joint openings in the blocks, and structure shearing such as holdings, sidewalls and roads due to the traction forces generated by the soil movement. The best example of deformation indicating the landslide evolution is the deformation observed on the wall surrounding the University Residence extending about 150 m beyond this unstable area (Figure 5a,b). In the landslide zone, we have observed significant scarps of about 20 cm to 40 cm, minor scarps, depressions, subsidence and fissures inside the university residence (Figure 2 and Figure 5). Based on field observations and deformations, two types of movement characterize this landslide area. The first one can be identified by the rupture marks and the downstream ridge (Figure 2). The second one has a creep character, indicating the upstream evolution of the sliding movement. During the rainy season, these deformations are accentuated by the influx of water and the reduction in the shear strengthening characteristics of the soil. Moreover, in the upstream part, the measured length of the scarp is about 90 m, which presents a creep deformation curvature over 120 m length (Figure 5c,d).




4.2. Rainfall and Ground Water Effect


Precipitation is a well-known trigger factor for landslides in the Bejaia region. Precipitation is known for its dual action, on the surface in the short term and at depth in the long term. High-intensity rainfall generally causes erosion and mudflows and rarely landslides. However, it is considered to be the first groundwater generator by infiltration from the surface. It contributes directly to the increase in pore pressure, saturation and changes in the physico-mechanical parameters of geological formations. This situation can reactivate or trigger landslides.



During the spring of the 2021 season, the Bejaia region recorded a series of precipitation events, sometimes expressed as heavy rainfall. Several days recorded heavy rainfall, with a maximum of 14.5 mm/24 h recorded at the airport rain gauge. During the season, the estimated cumulative rainfall was 280 mm and the estimated precipitation was 162 mm in March and 118 mm in April (Figure 6a). In the geotechnical study, no piezometers were installed in the landslide area. However, to monitor the groundwater level, we used a domestic water well located just upstream of the landslide. Following the rainy period, the water level in the domestic well rose by 80 cm from its initial level, which was 15.6 m above the natural ground level. Periodic measurements were obtained during the investigation campaign in May, both before and after the pumping periods (Figure 6b). These measurements show that the water level remained relatively stable. However, by the end of May, the water level in the domestic well had decreased to a depth of −18.9 m. The analysis of the deformation history recorded since 2016 shows that the deformation and landslide evolution are consistent with heavy precipitation periods, which contribute to groundwater recharge, soil saturation and changes in the physical-mechanical parameters of the geological formations. This situation favors the reactivation and evolution of the Targa Ouzemour landslide. However, during the summer period, the landslide is practically stable.




4.3. Landslide Structure and Mechanism Analysis


4.3.1. Geotechnical Characteristics Interpretation


Results from the six (06) boreholes drilled in the landslide zone provided important information on the lithological nature of the formations affected by the landslide. Both boreholes provided evidence of two different principal lithological formations superimposed by a layer of backfill of varying thickness. Both of these lithological formations showed a significant response to water content. From the two core samples obtained from the upper part of the landslide in boreholes SC1 and SC2, a clayey layer with a thickness ranging from 5 m to 8 m reaching a depth of 9 m and containing sand lenses was observed. This layer overlies a clayey-marly formation at a depth of 10 m, which is containing lenses of sandy marly clay, showing severe alteration degrees within deeper levels (Figure 7).



In the middle part of the unstable zone, the core drilling SC 3, SC 4 and SC 5 also showed the same lithological formations as those encountered through boreholes SC 1 and SC 2. The thickness of these layering formations is typically about 1.5 m for backfill below the surface, and between 5 m to 9 m for “with sand lenses of variable volume” clays, whereas the “weakly sandy” clay-marl formation could be encountered above a 9 m depth (Figure 7). The results from the core samples point out the highly altered levels, most likely corresponding to the slide surfaces. Figure 7 summarizes the lithological characterization of the different layer thicknesses that were encountered in the boreholes.



Additionally, the physical and mechanical property characterizations are also valuable indications in terms of mass movement features (Table 2). A series of measurements were therefore carried out on 18 samples collected from boreholes (Wn (%), γd (t/m3), γh (t/m3), Sr (%), WL (%), Wp (%), Ip, Cuu (Bars) and Φuu (Deg)° (Figure 8 and Figure 9). The fine-textured clay soils exhibit low porosity, as they tend to lose their water content progressively. Consequently, their susceptibility to landslides becomes more pronounced [6,30].



Table 2 displays the representative profiles of dry unit weight, water content and liquidity limit with the plasticity index. We can note that the dry unit weight of the altered marls increases downwards from the surface to about a 10 m depth, whereas it remains almost constant in the underlying unaltered formation. Consequently, assuming that the soils are saturated, then the water content would be reduced to an average of approximately 96% near the soil surface, and about 88% average over the undisturbed formations. On the other hand, Atterberg’s limits appear to be relatively invariable as the depth increases. Because of the similitude between particle size distribution and water content, we can assume that the soil is rather homogeneous in terms of mineralogical composition, and it consists of low-plastic to plastic soil. The graphical representation of the different results obtained are given in Figure 8 and Figure 9.



The mean values of some parameters of the samples obtained from the different boreholes that cover the landslide zone are presented in Table 2. They show a variable distribution of the geotechnical parameters in the different boreholes. The liquidity limit and the plasticity index values of the samples obtained from different depths of the core drillings vary between 37% and 69% and also between 16% and 37%, respectively. The Casagrande table shows that these samples’ nature generally goes from slightly to very plastic. These results illustrate that the Targa Ouzemmour landslide affects a slope that consists of clay overall.



The results of the oedometer tests executed on intact samples collected at different depths show that the pressure and the swelling index vary, respectively, between 1.9% and 17.4% between 34 kPa and 640 kPa for the slope affected by the landslide.



The analysis and synthesis of all the results show that the formation, which represents the unstable slope of Targa Ouzemour, is swelling with an average to high swelling pressure according to Chen (1988). The variation of the groundwater level has a very important role in the deportment of this Miocene formation. It causes volume deformations when the ground is saturated and it is considered an important factor in triggering the deformation of the slope and increasing the Targa Ouzemmour landslide. The fluctuating water levels in the domestic well, depending on the season, coincide with the levels of weathered clay observed in the core holes. This weathering is more pronounced towards the surface.




4.3.2. Interpretation of Electrical Resistivity Tomography (ERT) Data


In addition to geotechnical results, the obtained ERT data allow an improved understanding of the internal structure and lithological nature of the study area. Given an in-depth investigation and high resolution achieved under the dipole–dipole acquisition mode, only pseudo-sections derived therefrom will be considered. The models of resistivity inversion obtained from the three main ERT performed profiles are illustrated in Figure 10, Figure 11 and Figure 12. The analysis of these models shows at a glance a low resistivity contrast between the conductive material (1 < ρ < 10 Ω·m) and the relatively resistive material (10 < ρ < 40 Ω·m), while this contrast becomes noticeable in the case where the material is highly resistive (ρ > 40 Ω·m). This contrasting pattern provides more clarity to discern between the various lithological formations that are still stable or altered and actively moving within the Targa Ouzemour landslide.



When correlated with the geotechnical data and variations in groundwater levels, this basic differentiation would be resolved to the variation in resistivity values according to depths facing changes and/or to the nature of the soil. For instance, near the surface at around a 2 m depth, there is a marked contrast between the topsoil (5 < ρ < 10 Ω·m) (Figure 11a and Figure 12a) and what constitutes backfill materials (40 < ρ < 60 Ω·m) (Figure 11b and Figure 12b). Alternatively, several saturated zones may be easily identified within the three models by these resistivity compound contrasts. They are essentially those lithologically associated with sandy clays or altered clayey-marly formations (Figure 7), for which the range of resistivity values is between 1 and 10 Ω·m (Figure 10a, Figure 11a and Figure 12a). This demonstrates that the terrain is highly permeable in certain zones, thus forming preferential pathways for intense water circulation and accelerating the saturation of the sand lenses.



Similarly, the highly resistive material (ρ > 40 Ω·m) can be attributed to the unaltered and stable clay-marl formation. Depth-wise, this formation was rarely revealed by the ERTs carried out in the middle of the landslide and perpendicularly to its axis (see P2 in Figure 11a). More specifically, this stable and unaltered formation was revealed by the ERT carried out parallel to the landslide axis. This formation should be considered as an upstream landslide part, where the main features of a somital landslide scar became evident (see P3 in Figure 12a).



By relying on the geotechnical and hydrogeological data and the analysis from the inversion models of individual ERT profiles, we were able to build a detailed section of the landslide showing different lithologies, groundwater level and failure surfaces. Hence, three geological-geotechnical sections were first sketched out along the three performed ERT profiles (Figure 10b, Figure 11b and Figure 12b). The first geological-geotechnical (section one) has been made mainly in correlation with the ERT P1 profile (Figure 2 and Figure 10b). Assuming the data from boreholes SC1 and SC2 (Figure 7, Table 2) in combination with that from the interpreted ERT P1 profile (Figure 10a), one can observe the presence of the two lithological layers of clay and marly clay. Most of them seem to be altered in some specific portions of the section (Figure 10b). Above them also lies a set of earthworks. The ERT P1 profile highlighted the presence of the lenticular sandy clay and sandy marly clay lenses that are connected at different depths in accordance with very low resistivity values, which proves the water presence at depth.



The second geological-geotechnical section (Figure 11b) follows the ERT P2 profile outline and its interpretation (Figure 11a). From the SC3 and SC4 data (Figure 7) and the interpretation of the ERT P2 model (Figure 9a), this section shows similar lithology to those observed in section one (Figure 10b). Notably, the ERT P2 profile exhibits higher resistivity values near the surface and lower ones at depth. Such variation is indicative of saturated and well-developed sandy clay and sandy marly clay lenses, which extend laterally and deeply along the sliding direction.



We draw a third geological-geotechnical section (Figure 12b) following the ERT P3 profile (Figure 12a), which extends parallel to the slide direction and perpendicularly to the ERT P1 and P2 profiles (Figure 4). According to the SC3 drilling data (Figure 7) and the interpretation of the ERT P3 model (Figure 12a), this section confirms the saturated and elongation of the sandy clay and sandy marly clay lenses, hence following the same sliding direction from the surface to depth. This distribution explains the sustained saturation of these described lenses and surrounding soils after being fed from the water supply.



Once combining all the extracted information from the three drawn sections and the geotechnical interpretation, a synthesized NS-oriented geological-geotechnical section in the direction of the landslide was lastly produced with different groundwater levels (Figure 13). This section reflects a “geomodel” representation of the deep lithological composition within the in situ landslide area. On this proposed geomodel features is shown an over 10 m thick lens of sandy marly clay. The latter developed laterally and downward within a marly clay type layer. Several smaller lenses of a sandy clay nature that are developed in the clay layer come close to this thick lens. Consequently, these different lenses delineate the failure surfaces, thus characterizing the upstream sliding progression. Another implication would be that the feeding of these lenses occurs through the deep infiltrations of sewage or rainwater seeping from the surface. In this way, the saturation process and increased interstitial pressure at depth will make all these layers less resilient simultaneously.



As a result, the Targa Ouzemour landslide is still evolving upstream and currently causing severe deformation to the university residence buildings. This evolution is in line with the heavy rainfall periods, which contribute to the recharge of the groundwater in the region and this later contributes to the saturation of the landslide base. Hence, suitable attenuation measures would have to be implemented to prevent the prevailing landslide process. In addition, our results also revealed the presence of backfills that were certainly deposited at the top of the slope to compensate for collapses. Therefore, it is recommended to remove them first to avoid a high mass movement acceleration and then proceed to the stabilization of the slopes through the construction of reinforcing barriers, and smooth the slopes by removing the escarpments due to the terracing works. In addition, a drainage network should be built on the slope and its surroundings to dissipate infiltration and surface water, thus reducing interstitial pressures.






5. Conclusions


In this study, we have combined field observation, geotechnical, hydrogeological data and ERT methods to map in detail the geometry of the Targa Ouzemour landslide and assess its active evolution. In fact, the mass movement rates of this landslide are highly variable and extensive, posing a serious threat to the university campus and residential buildings.



Geotechnical data show that the Miocene marly clays of Targa Ouzemour are thick and quite homogeneous, characterized by the presence of sand lenses which are sometimes clayey. They are very plastic and sensitive to the phenomenon of swelling. The results of swelling tests carried out on intact samples obtained at different locations and depths confirm the alteration and swelling of these marly clays in the water presence and in turn favors the gravity movement’s acceleration.



Hydrogeological data show that heavy rainfall has a direct effect on the variation of groundwater levels. This variation is responsible for the reactivation and evolution of the Targa Ouzemour landslide.



The resulting ERT models cross-checked with geotechnical data have significantly contributed to building a characteristic section of this landslide, where the main scars and displacement of failure surfaces are delineated. In particular, our results have provided an in-depth overview of the triggering processes and mechanism of this landslide. Based on the combined interpretation, the potential sliding surfaces could be associated with the low-resistivity horizon within the shallow layers of the saturated sandy clay formations. From these formations, the starting preferential pathways for intense water circulation have been identified. We also found significant evidence of alteration and higher water content in the upper unsandy clayey-marly formations, unlike their deeper unweather and stable layers. The influence of rainfall and water infiltration on the deformation and stability of a slope is then clearly confirmed with variations in groundwater levels. This being among the most aggravating factors, particularly with rainy conditions that characterize this region. Finally, thanks to the proposed geomodel, specific landslide remedial measures were then suggested as prioritized tasks, such as backfill removal, stabilization and/or smoothening the slopes, including a drainage network to dissipate infiltration and surface water.
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Figure 1. Location of the landslide area in Bejaia city. 
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Figure 2. Deformations observed: (a,b) inside the university, (c,d) inside the university residence. 
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Figure 3. Geologic context of Bejaia city (extracted from the Geologic Map of the Béjaia region e = 1/50,000). 
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Figure 4. The location of the recognition program: boreholes, cross-sections and ERT profiles. 
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Figure 5. Landslide evolution indexes observed after heavy rainfall: (a,b) deformations observed on the wall surrounding the University residence; (c,d) cracks of the movement evolution observed upstream of the unstable area. 
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Figure 6. (a) Cumulative precipitation effects on (b) groundwater regeneration monitored before and after pumping periods in the domestic well for the period from during the month of May. 
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Figure 7. Geological-geotechnical cross-section along the longitudinal profile P3 performed from field observation and borehole (SC4 and SC3). 
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Figure 8. Atterberg limits of the Miocene clays affected by the Targa Ouzemour landslide. 
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Figure 9. Results of the identification tests carried out in the different boreholes. (a) Dry density (γd), (b) wet density (γh), (c) water content (W). 






Figure 9. Results of the identification tests carried out in the different boreholes. (a) Dry density (γd), (b) wet density (γh), (c) water content (W).



[image: Water 16 00682 g009]







[image: Water 16 00682 g010] 





Figure 10. (a) The model of resistivity inversion and (b) geological-geotechnical cross-section along the profile lines P1. 
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Figure 11. (a) The model of resistivity inversion and (b) geological-geotechnical cross-section along the profile lines P1. 
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Figure 12. (a) The model of resistivity inversion and (b) geological-geotechnical cross-section along the profile lines P3. 
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Figure 13. Geomodel of the Targa Ouzemour landslide drawn from geotechnical data and ERT inversion sections. 
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Table 1. ERT survey parameters implemented during data acquisition.
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Parameters of ERT Array

	
Profile Lines




	
Profile “P1”

	
Profile “P2”

	
Profile “P3”






	
Length of profile (m)

	
115

	
115

	
115




	
Electrode spacing (m)

	
5

	
5

	
5




	
Number of electrodes

	
24

	
24

	
24




	
Type of array

	
Dipole–Dipole

	
Dipole–Dipole

	
Dipole–Dipole











 





Table 2. Physical characteristics of the lithological formations of Traga Ouzemour landslide.
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Lithology

	
Parameters




	
Wn (%)

	
γd (t/m3)

	
γh (t/m3)

	
Sr (%)

	
WL (%)

	
Wp (%)

	
Ip

	
Cuu (Bars)

	
Φuu (Deg)°






	
Clay

	
16.44

	
1.85

	
2.16

	
96.70

	
50.17

	
23.12

	
27.05

	
0.35

	
7.8




	
Marl clay

	
18.65

	
1.72

	
2.05

	
88.80

	
45,58

	
22.5

	
23.08

	
0.32

	
12.84
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