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Abstract

:

Geophysical surveys are a noninvasive reliable tool to improve geological models without requiring extensive in situ borehole campaigns. The usage of seismic refraction tomography (SRT), electrical resistivity tomography (ERT) and borehole data for calibrating is very appropriate to define landslide body geometries; however, it is still only used occasionally. We present here the case of a Spanish Pyrenees slow-moving landslide, where ERT, SRT and lithological log data were integrated to obtain a geological three-dimensional model. The high contrasts of P-wave velocity and electrical resistivity values of the upper materials (colluvial debris and clayey siltstone) provided accurate information on the geometry of the materials involved in the landslide body, as well as the sliding surface. Geophysical prospecting allowed us to identify the critical sliding surface over a large area and at a reduced cost and, therefore, gives the geophysical method an advantage over borehole data. The three-dimensional model was used to carry out stability analyses of a landslide in 2D and 3D, which, coherently with previous studies, reveal that the lower part is more unstable than the upper units.
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1. Introduction


Landslides are typically complex bodies composed of different geological layers with contrasting and/or gradational physical properties. Landslides are considered the most catastrophic geological hazards, threatening and altering the socioeconomic circumstances of many world countries, and 66 million people are living in high-risk locations [1]. The complex nature of landslides requires a detailed investigation to define the geomorphological conditions of any particular landslide and gather data on stability conditions, soil and rocks properties, type of movement, velocity, etc. Several approaches have been developed to characterize such complex structures, describing landslide intensity and mitigating their effects.



Remote sensing techniques are widely utilized in landslide research, often in combination with laboratory testing. Slope stability modeling, hazard assessment, susceptibility mapping, risk analysis and other methods can also be used to assess landslide threats. [2]. The application of nonintrusive geophysical methods has increased exponentially for the subsurface characterization of landslides, especially to unveil the sliding surface geometry, to evaluate the emergence and growth of fractures, as well as to understand water dynamics and possible landslide reactivation by rainfall [3,4]. When water infiltrates a landslide, it alters the subsurface properties, causing destabilization and triggering slope failure when a critical threshold is exceeded. The changes in properties may be tracked using geophysical methods, and conclusions can be drawn about the destabilizing processes occurring in the subsurface of the landslide system by comparing data acquired over time. The results obtained from geophysical surveys provide cost-effective information on landslide-relevant layers, as well as the changes in water content. This implies that a stability analysis can be performed based on the geophysical investigation supported by geotechnical constraints such as soil unit friction angle and cohesion [5,6].



Geophysical techniques may provide continuous spatial information because the geophysical properties are controlled by porosity, stress state, soil type and degree of saturation [7]. The combination of seismic and electrical resistivity geophysical techniques has proved to be the most successful for studying the structure of landslides and understanding their internal mechanisms [8]. The methods have the ability to offer volumetric and spatial details of the subsurface [9,10,11,12,13]. The electrical resistivity tomography technique (ERT) is a low-cost and fast technique that can provide 2D electrical resistivity cross-sections and 3D resistivity models of the subsurface. Successful identification of subsurface lithology and water content fluctuation is possible thanks to the study and interpretation of their resistivity contrasts. In the last few decades, scholars have employed 2D ERT to unveil landslide geometry and internal structure and localize the sliding surfaces [9,14,15]. Seismic refraction tomography (SRT) is another practical nondestructive technique for determining the inner structure of sediments in most slope areas, particularly bedrock geometry. The first arrivals of seismic signals that travel through a layer with a higher seismic velocity are analyzed and are the base of SRT [5,14,16,17].



If the sliding forces are higher than the retaining forces, a slope might become unstable. As knowledge of geotechnical principles and landslide mechanisms has increased over the last few decades, slope stability analysis has substantially improved. The factor of safety (FS) has been used by many authors to describe landslide stability conditions and is basically the ratio between the resisting forces of a soil mass tending to slide down and its driving forces. There are numerous approaches for the factor of safety estimation, including limit equilibrium methods, which work on quantitatively identifying the slope stability based on momentum and forces analysis [18,19,20].



This paper’s major scope is to improve a three-dimensional geological model of a well-known landslide in the Spanish Pyrenees (Vallcebre landslide). In particular, the objectives are: (i) to apply geophysical methods (involving ERT and SRT) to define the inner features of the landslide, and (ii) to evaluate the landslide’s stability conditions using the new geological model and compare them to previous works.




2. Study Area


The studied site is placed in the Pyrenees range, 110 km west of the Mediterranean Sea. The Vallcebre landslide is located in the Llobregat river basin upper sector, on the occidental flank of the Serra Llacuna. The movement comprises an area of 0.8 km2 (about 600 m wide and 1200 m long), with observable ground displacements and cracking. The landslides have been active for at least several centuries, and their exact age is uncertain [21].



The Vallcebre area has a sub-Mediterranean climate, with an average precipitation of 924 mm and 11.8 °C annual temperature. The analysis of the rainfall data has shown an important inter- and intra-annual variability and allows us to validate the seasonal character of the spatial variability of precipitation.



Geologically, the mobilized sediments are composed of a series of claystone, shale and gypsum layers sliding above a thick limestone substrate, which are all from the Upper Cretaceous to the Lower Paleocene period [21,22]. Inverse faults and several associated folds have an effect on the materials. Underneath the landslide, one of its faults has an estimated vertical jump of 10 m. The landslide affects three different slide units: The Lower Unit, the Intermediate Unit and the Upper Unit (Figure 1), and it could be classified as a translational landslide based on the categorization and geomorphological analysis by the authors of [23,24]. All units are defined by a moderate slope surface limited on the downhill edges by a few tens of meters high scarp, with an extension region developing in a graben geological form at the base of each scarp. This is interpreted as the Lower Units moving faster than the Upper Units, which has been verified by the implemented network of monitoring sensors. The landslide’s average slope is approximately 10° [21], and the underlying shearing surface depth reaches 42 m in the Middle Unit and 15 m in the Lower Unit, according to core drill holes (Figure 2), with most of the sliding surface being rather flat [22]. The Lower Unit is the most active section, with the Vallcebre water stream regularly eroding its toe, generating local rotational faults that reduce overall stability. For these reasons, this study will be focused on the Intermediate and the Lower Units (Figure 1).



Since the late 1980s, different monitoring approaches have been tested in the Vallcebre site. For example, surveying and photogrammetry have been used since the monitoring kick-off campaigns, and GPS surveillance started in the middle 1990s. The landslide was equipped with borehole wire extensometers, a network of inclinometers and piezometers over the next few years. Moreover, seven corner reflectors were installed for assessing the effectiveness of the difference interferometric synthetic aperture radar (DIn-SAR) technique in 2006. Ground-based SAR technology was also recently used to monitor the Vallcebre landslide [27].



Most of the first ruptures identified in the slopes near the Vallcebre landslide are the result of the evolution process of the slope itself. However, precipitation is often the most important feature in the reactivation of large landslides, like the one under study, and their acceleration. The Vallcebre landslide is very sensitive to groundwater fluctuation and rainfall [28]. The authors of [22] show that the rate of displacement and the water level are perfectly synchronized. This indicates that subsoil water has a significant impact on the balance of forces that control landslide dynamics. In our case, it is also important to highlight the large volume of water present in the form of waterspouts and streams all along the slope or in the form of water puddles in the counterslope area at the foot of the landslide. These occur around the year and are not limited to the rainy season. The abundant quantity of water—with the presence of gypsum—has generated important karstic dissolutions, giving rise to a significant system of conduits and porosity and causing numerous collapses in the site.




3. Methodology


3.1. Geophysical Methods


Considering that the landslide processes can be extremely complex, especially on slopes with very heterogeneous ground movements, and to better understand these processes, it is required to integrate different complementary approaches. Therefore, two complementary geophysical techniques were adopted to perform the characterization of lateral and vertical lithological changes of the landslide.



Due to the excellent quality of the data obtained and the capacity to generate continuous 2D and 3D subsurface images, the ERT method is one of the most widely used techniques for shallow subsurface surveys to solve environmental and engineering problems [29,30,31,32,33]. This technique allows detailed imaging of the distribution of subsurface electrical resistivity.



The ERT campaign was carried out along the Intermediate and the Lower Units. A Syscal Pro resistivity meter (IRIS Instruments, Orleans, France) with a Wenner–Schlumberger array was used to acquire geoelectrical data. This array has excellent signal strength and moderate properties, allowing it to identify both vertical and horizontal sharps [34,35]. The apparent resistivity measurements were acquired with 48 electrodes separated by 5 m. The electrodes and the ground contact resistance were less than 5 kΩ. The readings were repeated 3 to 6 times to obtain the smallest standard deviation values of the apparent resistivity. In these conditions, a total of 7 profiles were executed in our area of study (Figure 2).



RES2DINV software [36] was used to invert all of the apparent resistivity pseudosections. The authors of [37] describe the integration of the robust model constraint (L1) and smoothness-constrained (L2) optimization norms in two-dimensional resistivity inversion techniques. In practice: the L2 norm should be used if the subsurface resistivity changes are smooth and the L1 norm for sharp boundaries scenarios. In this paper, L1 was used for all data inversion because it was considered more robust with noisy values. Moreover, the L1 norm usually generates models with sharper boundaries, which was more consistent in our site, where large resistivity contrasts are expected between clayey siltstone and limestone units.



Moreover, the depth of investigation (DOI) index was employed in order to discriminate the electrical resistivity values related to geological structures from the ones related to the choice of the initial model. Introduced during the inversion procedure, the DOI index values will be close to 0 in areas that are highly dependent on data. The DOI values increase up to 1, where the gathered resistivity value for the model cell depends greatly on objective function parameters [38].



In this paper, we also provide the results of a four-profile STR survey (Figure 2). Seismic methods have an advantage over electrical methods as there is a direct relationship between porosity and acoustic velocities, though electrical methods are effective in such complicated geological systems for determining the position of the water table.



The seismic refraction method was carried out with a DAQ Link III 24-Channel seismograph (Seismic Source Co, Ponca City, OK, USA) with vertical geophones of 10 Hertz. A total of 24 geophones were installed along a 75-m profile line, with a distance between geophones of 3 m. For each line, nine hammer shots were employed. The 9 shots were distributed equidistantly along the profile, with the first shot at −3 m from the first geophone and the ninth shot at +3 m from the last geophone. To minimize the noise effects and increase the signal, five shots were stacked. The noise was monitored, and shots were taken only in low-noise conditions. A differential GRS1 GPS instrument (Topcon, Itabashi, Japan) was used to establish the geophone and shot coordinates.



To characterize the subsurface, SRT methods generally use a GRID of variable or fixed-sized cells. The travel times between shots and geophone and the ray paths were estimated using forward modeling approaches, such as the finite difference method. Cell P-wave velocities (Vp) were adjusted iteratively until the modeled and observed travel times misfit was minimal and within a tolerable range. The wavepath eikonal traveltime (WET) inversion approach (Morgenstern and Price, 1965) is adopted in this study.



The seismic sections were processed using the Rayfract® software package (Intelligent Resources Inc. Software, Winnersh, UK). For each geophone and each shot, a manual picking of the first arrival time was performed. An example of P-wave arrivals was recorded, with first arrival times manually picked, and the wave path coverage for the SRT-2 profile is shown in Figure 3. The surface topography was included in the forward and the inversion models.




3.2. Landslide Stability Analysis


The authors of [39,40] started using three-dimensional limit equilibrium methods for slope stability assessment. The use of 3D stability analysis methods is becoming gradually more common due to the appearance of faster computers. The 3D limit equilibrium methods are based on statics, where the equilibrium state applies when the sum of forces applied and moments around a point equals zero. They basically work by dividing the sliding mass into columns with a square cross-section for three-dimensional evaluations. The forces and moment equilibrium equations are resolved for each column, considering the intercolumn forces. Then, the factor of safety is computed.


   Factor   of   Safety      FS   =    Resisting   forces     Driving   forces     



(1)







A factor of safety (FS) larger than 1 theoretically represents a stable slope. For landslides, values between 0.7 and 1.25 are considered a critical slope, and over 1.25 refers to a stable slope [18].



Slide3 and Slide2, modules of the Rocscience commercial software (Rocscience Inc., Toronto, ON, Canada) were utilized to obtain the factor of safety in two- and three-dimensional domains.



The three-dimensional geological model and the initial conditions (water levels) for the stability calculation were obtained from a combination of sources.




	
Borehole data: Borehole data were inserted directly in the Slide3 software using the Borehole Manager tool, which allows inserting the coordinates, formations, and water elevation of each borehole;



	
Digital elevation model (DEM) from airborne LIDAR data for adding surface topography to the model. DEM has a 2X2 m mesh with an absolute vertical accuracy of 0.15 m [41];



	
Electric resistivity tomography profiles: Each material in these profiles has an electric resistivity range that represents it. Data were filtered and divided into four data sets, where each data set represents a material, then finally, the coordinates of the upper limit were saved as XYZ data GRID;



	
Seismic refraction profiles: as each seismic refraction velocity range represents a material, velocity data were filtered and divided into four data sets. Each dataset is representing one of the subsurface formations. Finally, the coordinates of the upper limit of each layer were saved as XYZ data GRID.








All the XYZ data derived from the ERT and SRT profiles were integrated to have four data sets, each representing a geological formation of the studied area. The data sets, together with the fracture surface and water level, were inserted into Slide3 software, which has the ability to generate surfaces directly from XYZ data. The resultant surfaces were corrected manually to remove some identified defects before the analysis.



It should be noted that because water is considered a common landslide-triggering force, the highest water level record was used in the analysis, representing the worst-case scenario (lowest FS). Then, all these data, together with the borehole data, were interpreted to build the 3D model and carry out the analysis.



Mohr–Coulomb failure criteria were chosen to calculate the strength properties of the landslide formations, and the data were taken from authors of [21,42] after double-checking that the geometry was properly inserted and interpreted. The introduced materials were assigned to the model, using the section method. The section method allows the user to assign the materials to the model layers using a user-defined model section. The fissured shale layer was considered the weakest layer and the limestone as the bedrock.



According to the authors of [43], Slide3 software implements three-dimensional methods by extending their two-dimensional theories. Slide3 has four available three-dimensional methods: Bishop, Janbu, Spencer and Morgenstern and Price [39,44,45,46].



Bishop’s 3D method is a very accurate approach for circular slip surface stability analysis. The procedure assumes no shear forces between the columns and that the intercolumn forces act horizontally but it considers the moment equilibrium equations.



Janbu’s method adopts that shear forces are equal to zero and neglects the moment equilibrium. The latter calculates the factor of safety (FS) of shaped arbitrarily slip surfaces considering the vertical and horizontal force equilibrium equations of each column, then finally multiplies the calculated factor of safety (f0) by a correction factor (a) to overcome the fact that the intercolumn shear forces were considered being zero.


  FS =      a   f   0   



(2)







Spencer’s method considers the force and moment equilibrium equations for each column. The intercolumn forces are considered as well. This method is applicable on circular and arbitrary slip surfaces.



Morgenstern and Price’s method is appropriate for circular and noncircular slip surfaces; it considers force and moment equilibrium equations. The four methods were used to obtain four factors of safety maps which show the variation of FS along the landslide area. Then three sections were created to show the variation of the FS along with the sliding unit. The sections were exported from the Slide3 model Slide2 software for 2D analysis and FS estimation.



In order to perform the geotechnical evaluation and assess the factor of safety, we assigned three main parameters for each formation based on previous studies of the landslide area [21,42]. The parameters are unit weight, cohesion and angle of internal friction (Phi). Table 1 indicates the geotechnical parameters inserted in the Rocscience Slide3 software. Limestone has no cohesion nor angle of friction assigned because it has been considered an infinite-strength material. Limestone represents the bedrock, and the sliding is expected to occur on its upper surface, especially as it is overlaid by a weak bearing capacity thin layer of fissured shales.



The analysis parameters used in Slide3 are presented Table 2. The unit water weight was assumed to be 9.81 kN/m3. To approach convergence, several trials were performed using 50 columns in both X and Y directions, using 50 as a maximum iterations number. The tolerance between initial and final FS was set to be 0.001 and 0.005, and finally, 0.01 was set for the final results. The cuckoo search method [47] was used as a surface search method using a 30 iterations limit.





4. Results and Discussion


4.1. Geophysics


4.1.1. ERT


We selected the inverted cross-sections from the Wenner–Schlumberger (W-S) array for the interpretation of the results. The dipole–dipole (D-D) array inverted cross-sections showed a higher error rate (e.g., in ERT 2 RMS error of the W-S is 2.1; and the RMS error of the D-D is 4.0). A cause could be the considerable length of the profiles, which means the dipoles are separated by a large distance. Moreover, subsurface layers can be better distinguished in W-S cross-sections.



The seven inverted ERT cross-sections acquired in this study using the W-S array showed a root mean square error (RMS) of 1.1 to 2.5%—between measured and calculated apparent resistivity—after five iterations. As we did not have very large resistivity contrasts close to the ground surface, we used the standard model discretization [48]. The DOI index values calculated for all the profiles were less than 0.2. To compare the results of the ERT profiles, all the resistivity sections are displayed using the same color scale (Figure 4). The electric resistivity values range between 15 Ω·m and 750 Ω·m, and corresponding to their electrical resistivity values distribution, we can clearly distinguish two layers in all the cross-sections:




	
An upper layer, generally with low resistivity values (<40 Ω·m) and with a thickness varying between 13 m (ERT 7) and more than 40 m (ERT 8).



	
A lower layer, with high resistivity values (more than 300 Ω·m), was observed in all the cross-sections.








In some profiles (ERT 1, ERT 4, ERT 5 and ERT 8), the upper conductive layer is very heterogenous with interbedded materials of medium resistivity values (50 to 150 Ω·m) and elongated shapes. In the other profiles (ERT 2, ERT 3 and ERT 6), the upper layers are rather homogeneous.



The electric resistivity variations along the ERT profiles allow interpretation of the landslide main layers. The electric resistivity threshold values of each layer are known based on the correlation with borehole lithological data available in the area of study (Figure 2). Where the borehole log is missing, we extrapolated the stratigraphy boundaries over ERT results using the same threshold values. The upper low resistivity layer is correlated with the clayey siltstone registered in all the boreholes, whereas the deep-seated high resistivity layer is attributed to the limestone response. It is worth mentioning, firstly, that the layer of intermediate resistivity values registered in some profiles is associated with colluvial debris logged in boreholes S6–S7 and S10–S14. Secondly, the fissured shales crossed by several boreholes are not clearly identified in the ERT profiles. This is probably due to the electrical response of this level having values among the conductive shallow layer and the resistive deeper layer, so it is reflected as a transition area that cannot be detected with the ERT method.



In the ERT 8 cross-section—mainly carried out on the Intermediate Unit—it was possible to distinguish values between 100 and 150 Ω·m at the beginning of the cross-section, which corresponds to the colluvial debris sediments. The thickness of this layer is variable, with maximum values at the beginning of the profile and decreasing as we approach the cliff (almost at the end of the profile), where it disappears, transitioning to the clayey siltstones. In the deepest part of this profile, and unlike the rest of the profiles, the high resistivity values are only registered from the beginning to 100 m, which indicates that at least the contact zone with the limestone is deeper than 45 m in this part of the cross-section. From 100 m onwards, high values begin to be recorded, even at depths of less than 15 m in the escarpment zone (180 to 200 m from the beginning).



The ERT 5 profile also identifies, and more clearly, the scarp zone in the central part of the cross-section (120 m from the beginning). In this case, the dip in depth is very evident. The top of the limestone basement goes from less than 15 m deep before the escarpment to more than 30 m after the escarpment, thus indicating the boundary between the Intermediate and the Lower Units. It is also observed that the upper layer of the Intermediate Unit presents 100 to 150 Ω·m resistivity values corresponding to the colluvial debris, and its thickness decreases progressively as we move towards the escarpment.



ERT 2, ERT 3 and ERT 7 show similar resistivity distribution typical of the Lower Unit. In these cross-sections, we identify low resistivity values in the upper part and high resistivity values in the deeper zone, which correspond to clayey siltstone and limestone, respectively.




4.1.2. SRT


The datasets of the four P-wave SRT profiles were processed to characterize the lateral variation of the materials, estimate the thickness of layers—especially the clayey siltstone and the limestone contact—and evaluate the limestone’s top depth.



The final models were obtained after 20 WET iterations and a good fitting (RMS mean error < 5%) with the raw data was achieved (Figure 5). The ray coverage—which describes the ray paths model that passes below the surface—showed high values of ray density g in a large area of the profiles (see for instance Figure 3) and indicates good survey resolution [49]. The investigation depth for all the inverted datasets ranged from 17 m to 35 m using the ray coverage at the last iterations (Figure 3) and was hence suitable to characterize the clayey siltstone and the limestone layers contact, except SRT 3, where it was not possible to reach the depth of this contact.



The interpreted Vp models for cross-sections SRT 1 to SRT 4 are presented in Figure 5. A deep study of all cross/sections exposes that the P-wave tomography unveils the occurrence of a shallow medium velocity layer Vp (<2500 m/s), which punctually shows low Vp values (<1200 m/s) at a distance of 30, 59 and 68 m from the beginning in the case of the profile SRT 1 and a distance of 55 m from the beginning in the case of cross-section SRT 3. The thickness of this layer is largely variable, with a maximum depth for profile SRT 1 (about 23 m) and a minimum depth for profile SRT 4 (about 8 m). The identified geometry of the overburden—clay and colluvial debris—compares favorably with the 2500 m/s Vp contour depth, as we can observe in boreholes in the surrounding area of the cross-sections SRT 1 and SRT 2 (Figure 2). A second layer is defined by higher velocities (2500 m/s < Vp < 3000 m/s), and it is placed below this first layer. The thickness of this layer is also variable with an average of 6 m (SRT 1 and SRT 4) up to more than 10 m (SRT 2). We interpret this intermediate layer as the clayey siltstone according to the same borehole characteristics. It is important to highlight that this layer covers almost the entirety of the profile SRT 3.



At greater depth, P-wave velocity ranges from 3000 m/s to more than 4000 m/s in the seismic cross-sections SRT 1, SRT 2 and SRT 4. The isocontour of this high-velocity layer displays strong variability, with a depth lower than 20 m in the case of profile SRT 2 and SRT 4 and more than 25 m deep in the case of profile SRT 1. Considering the closest boreholes in the area, this layer was correlated with limestone recorded in the deepest part of these lithological logs. The fact that no high velocities (greater than 2500 m/s) are recorded in profile SRT 3 indicates that the limestone layer could not be reached. This agrees with the results of the nearest borehole (S7), where the limestone layer was recorded at deeper than 35 m and exceeds the maximum depth of SRT 3.



We also compare qualitatively the results obtained from refraction seismic and electrical resistivity campaigns, adding the closest lithological log data in ERT 2-SRT 2 cross-sections, and showing a good fit among them (Figure 6). The values of both seismic P-wave velocity and electrical resistivity that we assigned to limestones and siltstones are analogous to the values reported by the authors of [50,51] in similar settings.





4.2. Landslide Stability Analysis


Figure 7 shows the factor of safety map applying the four three-dimensional limit equilibrium methods available in Slide3 software. The map shows the variation of the FS along the studied area. The four methods showed quite similar results. The factor of safety ranges between 0.7 and 2, which clearly represents the instability of the area. The graben area (scarp) between the Intermediate Unit and Lower Unit shows the lowest values of FS (less than 1), while the Lower and Intermediate Unit showed higher FS values. There are some slight differences between the four methods (about 10%). Bishop, Morgenstern and Price (GLE), and Janbu showed another low FS anomaly in the upper limit of the Intermediate Unit, which is overlaid by the Upper Unit of the landslide area. Spencer showed another low FS anomaly on the right side of the model and a small anomaly in the Lower Unit. All of the methods showed a sliding trend towards the Northwest: 281.5°, 281.5°, 310.1° and 281.6°, for Bishop, Janbu, Spencer and GLE, respectively, which is the true sliding trend of the Vallcebre landslide.



The FS maps also showed fair agreement with [52], who studied the Lower Unit by using the infinite slope theory implemented in a geographic information system (GIS) and considered the landslide as infinite slices, assigning geotechnical parameters (unit weight, angle of friction and cohesion) for each as a rigid block, adding the fracture surface, water level variation, then finally determining the factor of safety to produce the FS map of the Lower Unit. The algorithm used has neglected the interslice forces, the 3D effect, and the fact that the landslide area consists of four formations with different geotechnical parameters. In the current research, the method used is quite different, as stated previously; this explains the differences between FS values in both articles. However, the values of FS were close in general as both methods showed convergence to unity, but there are differences in the location of low FS anomalies.



Figure 8 shows three geological cross-sections created with Slide3 software. The picture was edited to highlight the variation of FS along the sliding units (above the limestone formation). The sections show that the middle area has a lower factor of safety (fewer than 1), which represents the area between the Intermediate Unit and the Lower Unit. Section II shows the lowest values of FS. Afterward, these sections were exported to Slide2 software for two-dimensional analysis (Figure 9).



The four methods used for the two-dimensional analysis showed similar results, with a difference of about 5–10%. The reason relies on the fact that the two-dimensional model does not consider the variation of geological models (sections) along the slope area, while the three-dimensional analysis does [53]. In this research, the analysis performed using Slide2 (2D analysis) software showed about 10–15% differences from the analysis performed using Slide3 software (3D analysis).



Modeling exclusively using 2D may lead to either overestimation or underestimation of the factor of safety. The variation of FS along the sliding units in the 2D analysis showed slightly higher values (about 10%) than the 3D analysis for Section I and Section II, while it showed lower values than the 3D analysis for section III (about 15%). This slight difference between 2D and 3D analysis is similar to studies carried out on other sites, such as the authors of [54], who had a difference of about 15%. The authors of [55] studied five different cases to compare 2D and 3D analysis and showed an average difference of 26%, 0.5%, 12%, 2%, and 442.25%, respectively, between 2D and 3D analysis using the same commercial software Slide2 and Slide3.



The difference in 2D and 3D results is consistent with results obtained by other authors [53], as the outcomes of the 2D evaluation are always conservative, while the 3D analysis tends to enhance the safety factor [56].



Performing slope stability analysis using three-dimensional analysis would approximate the real condition better, as slope failures are three-dimensional in most cases [54,55]. However, three-dimensionality has its drawbacks. It is still a hot new topic that may require further improvements, and it needs a lot of work to build the geometry, especially when it comes to complex large-scale structures, as in our case. It also requires a substantial amount of computational power, especially for complex large-scale projects [55], which explains the several collapses of the computer used for analysis in this project.



Vallcebre landslide is of a transitional nature and continuous movement; thus, limit equilibrium analysis can give an insight into the nonbalanced forces magnitude and evaluate the spatial distribution of the instability. A full assessment of the Vallcebre landslide case would require dynamic models, including the time domain [21].



The values of FS shown in Figure 6 are quite similar to those obtained by the authors of [24], who developed a dynamic analysis approach highlighting the effect of mass variation on the stability of landslide and then applied it to the Vallcebre landslide using velocity, displacement and groundwater data obtained in borehole S2 for two years (21 November 1996–29 October 1998). The FS values from the four 3D models in this research show a value of 0.7–0.8 around the S2 borehole. The FS value calculated by the authors of [24] is about 0.67 for the highest groundwater level recorded on 1 January 1998. The slight difference in FS values is due to the different stability analysis methods used in each study.





5. Conclusions


The fundamental purpose of slope stability analyses is to determine the location and geometry of the principal slip surface. In this respect, geophysical techniques combining electrical resistivity and seismic refraction tomography proved to be highly successful, since it was feasible to distinguish the critical sliding surface over a large area of the study zone and at a reduced cost. This fact represents an advantage of the geophysical method over borehole data and complemented remote sensing analysis (photogrammetry and GPS surveillance techniques) used in the Vallcebre site since the early 1980s.



According to the results of the electrical resistivity tomography, we were able to differentiate between the upper layer of clayey siltstone, with minimal resistivity values, and the deeper layer of limestones, where the resistivity values are high. Between these two layers, we identified the transition zone with relatively lower resistivity values than the deep layer and which we related to the fissured shale layer. It is in this layer that the landslide zone was identified.



The seismic data indicate an increase in velocities with depth, as we move from the clayey siltstone at the surface to the limestone layer at depth. These velocity changes coincide with the interlayer boundaries that we recorded with the ERT.



The Depth of Investigation (DOI) parameters that we used to conduct the analyses can be seen in the Supplementary document.



The integration of all the data granted us to better identify the geometry of the landslide necessary for the computation of the factor of safety in the area. In this sense, the factor of safety was calculated using four different methods, but the results are quite similar. The analysis of the potential sliding surface showed an area with the highest risk of occurring a landslide in the escarpment zone between the Lower and the Intermediate Units. The results of the 2D modeling show a slight difference from the 3D modeling. Finally, we consider this case study as an interesting example of the combination of geophysical and geotechnical data to evaluate landslide stability.
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Figure 1. (a) Location sketch and geological map of the studied zone. Modified from [25]; (b) Geomorphological sketch (modified from [21]) and digital elevation model of the Vallcebre landslide obtained using LIDAR data from Catalan Geological Survey [26]. 
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Figure 2. Location of the geophysical surveys and simplified lithological logs of and the geological cross-section A’—A boreholes (Vallcebre area). Modified from [21]. 
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Figure 3. (a) Refraction seismic shots recorded during the SRT-2 acquisition with the corresponding Picking analysis; (b) Wavepath coverage for the SRT-2. 
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Figure 4. ERT inverted model resistivity cross-sections and their interpretation based on the stratigraphic boundaries from borehole lithological logs and electrical resistivity threshold values. 
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Figure 5. Inverted seismic refraction tomography pseudo-sections with the corresponding interpretation. 
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Figure 6. Overlaying of SRT, ERT and lithological logs results. 
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Figure 7. Factor of safety variation map using different three-dimensional limit equilibrium methods: Bishop method, Morgenstern and Price method (GLE), Janbu method and Spencer method. 
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Figure 8. Factor of safety variation along the sliding materials of three different cross-sections. 
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Figure 9. The factor of safety values of Sections I (a), II (b) and III (c) using two-dimensional limit equilibrium methods (Slide2 software). The analysis was performed using Bishop, Janbu, Spencer and GLE; (d) location of Sections I, II and III. 
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Table 1. Geotechnical properties of materials used in Rocscience Slide3 software [16,32].
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	Unit Name
	Unit Weight (kN/m3)
	Cohesion (kPa)
	Phi (°)





	Limestone *1
	20
	- *1
	- *1



	Clayey Siltstone
	18
	0
	14.7



	Fissured Shales
	19
	0
	11.8



	Debris of Gravel
	20
	0
	14.7







*1 Limestone does not have cohesion and friction value because it has been considered an infinite-strength material [21,42].
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Table 2. Analysis parameters used in the Rocsience Slide3 software.
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Group

	
Parameter

	
Value






	

	
Unit weight of water

	
9.81 kN/m3




	
Convergence

	
Number of columns in X or Y

	
50




	
Maximum Iterations

	
50




	
Tolerance

	
0.01




	

	
Intercolumn force function

	
Half Sine




	
Surface options

	
Search method

	
Cuckoo Search




	
Maximum Iterations

	
30




	
Iteration tolerance

	
0.0001
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