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Abstract

:

Deep vertical boreholes play a crucial role in underground exploration, resource extraction such as geothermal energy extraction, oil and gas exploration, underground waste storage and various underground engineering applications. The geomechanical properties of the rocks surrounding these boreholes are essential for designing safe, efficient drilling operations, for using adequate technologies and equipment and for providing mitigation measurements. Specifically, when the excavations are performed inside in-depth, extremely fractured and weathered rocks, the identification of zones more susceptible to crossing is a primary goal. This paper presents a thorough investigation into the rock masses surrounding a deep vertical borehole that involved the collection of core samples from the deep vertical borehole, laboratory testing, in situ tests and the application of geomechanical models to characterize the crossed rock masses. After a lithological and structural description of the rock masses and a description of the methodology used for their characterization, this paper focuses on the geomechanical parameterization of the rock mass using the uniaxial compressive strength of the intact rock (σci) and the Geological Strength Index (GSI). The obtained findings highlight the extreme variability in the depth of the geomechanical parameters of crossed rocks, which decreased with the depth. This methodology can be used to characterize rock masses along other deep boreholes, for which there is a lack of research, and to define the most problematic zones for underground crossing where different support works must be designed.
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1. Introduction


The stability conditions of underground rock structures are strongly controlled by the geomechanical properties of the rock masses, which mostly depend on the rock mass strength and discontinuity conditions. The excavations inside in-depth, extremely altered and fractured rocks are very dangerous and problematic for personnel and for equipment to be used, and adequate mitigation measurements must be taken to reduce the related risks.



Regarding the importance of disaster risk reduction, recently, the Sendai Framework [1] has set specific priorities of action to prevent new, and reduce existing, disaster risks. The starting points for building a sustainable and resilient society are to prevent natural disasters and disasters associated with anthropogenic activities as well as to provide solutions through the use of mitigation measures for use in identified susceptible zones.



In this framework, the knowledge of the state of degradation and fracturing of a rock mass, which strongly controls the geomechanical behavior, is very relevant to identifying more susceptible zones to develop alert systems for the working drill operators or design primary support works. Understanding the mechanical properties of the rock mass helps in designing and implementing safe and efficient drilling and extraction processes. The key aspects of geomechanical characterization along a deep vertical borehole are the rock strength and the rock mass strength, to assess the rock’s ability to support the borehole walls, and rock deformation, to understand how the rock responds to applied stress and to design support systems to maintain borehole integrity.



The problem of assessing the quality of a rock mass has always been of interest to scientists all over the world. Many methods have been developed to describe the condition of the rock mass, in terms of both the conditions of maintaining underground workings and possible natural hazards. Progress in the field of technology allows the search for new techniques for the ongoing monitoring of rock masses, especially in the context of ensuring the stability of underground structures [2].



Several empirical methods such as the Rock Quality Designation (RQD) [3], the Rock Mass Rating (RMR) [4], the Rock Quality Index (Q) [5], the Rock Mass Index (RMI) [6] and the Geological Strength Index (GSI) [7] are available to provide an overall measure of rock mass quality. Moreover, when the rocks exhibit varying mechanical properties in different directions, an understanding of the anisotropy is also important for accurate modeling and prediction as well as the interpretation of the results of geomechanical rock property testing [8].



Geomechanical characterization typically involves a combination of laboratory testing on core samples, an in situ survey, well logging data analysis and numerical modeling. This information is then used to design strategies and to optimize the drilling to ensure the stability and safety of the borehole. Geomechanical models, such as the Mohr–Coulomb failure criterion and the Hoek–Brown criterion [9], are applied to analyze the stability of the rock mass. These models help to predict potential failure zones, design support structures and optimize drilling parameters.



While the methodology of laboratory tests is standardized and based on certain commonly used standards, the other aspects are still being improved, and new solutions are being investigated. Recently, Ref. [2] proposed a simplified theoretical model of a single rock mass discontinuity (strata separation), explaining the expected change (anomaly) in the characteristics when the drill rod passes through critical places.



A limited number of studies on deep boreholes carried out on very fractured rocks worldwide exist, and often stratigraphic logs of these surveys are not available to the scientific community. The geomechanical properties of the rock mass surrounding these boreholes are essential to identify susceptible zones to observe trends of variation in these properties with depth and for designing safe and efficient drilling operations.



This paper focuses on the geomechanical characterization of the rock masses along a deep vertical borehole based on the results of an analysis of core samples, laboratory tests and the use of geomechanical models to interpret the results. The paper fits into the key principle of the Sendai Framework of “Understanding Risk”, recognizing the zones along the investigated vertical that are susceptible to digging activities. The proposed methodology can be used to characterize other deep boreholes, and it can represent the starting point to obtain standardization of the procedure of drilling and support the development of robust engineering solutions for deep digging projects.




2. Materials and Methods


2.1. Study Area and Deep Borehole


The study area is located within the Costa Viola between the villages of Scilla and Bagnara Calabra (Sothern Italy). It extends for about 1 km2 and is bordered at the top by “Piano delle Aquile” (a flat area of marine origin) and at the bottom by a densely urbanized coastal plain including the Favazzina village. The area is interesting due to the crossing works of the methane pipeline from Calabria to Sicily (double three-phase power line at 380 kV). Accordingly, a detailed site investigation was carried out, including four deep boreholes.



The area falls within a zone characterized by several tectonic structures that often intersect, crossing the rock masses that constitute the basement of the Aspromonte mountain [10]. From a geological point of view, the Paleozoic basement is mainly composed of high-grade metamorphic rocks (para- and orthogneiss), overlapped by Upper Pliocene to Holocene sedimentary deposits [11,12]. The crystalline basement of the area consists of the continental crust of the Aspromonte–Peloritani Unit, of the Hercynian age [13,14], formed by a migmatitic complex intruded by granites with biotitic paragneiss, often with traces of partial melting and migmatitic gneiss with high biotitic concentrations.



The Paleozoic crystalline basement shows strongly tectonized and intense, deeply weathered conditions [12]. The alteration in the basement changes considerably both at the surface and in depth. Residual soils (reddish-brown silty–sandy blankets encapsulating very degraded stone fragments) (Figure 1a) outcrop at the surface, and the rock masses are extremely degraded (Figure 1b) and affected by intense tectonic strains, with numerous and relevant faults and discontinuities (Figure 1c) in depth.



Six weathering classes have been recognized in the area [15]. From the bottom to the top, the weathering sequence consists of a slightly weathered rock (weathering class II) superimposed by a moderately weathered rock (weathering class III), which rarely outcrops, whereas a highly weathered rock (weathering class IV) outcrops in the middle-lower part of the slope. Completely weathered rock or saprolite (weathering class V) prevails in the upper part of the slopes along with residual, colluvial and detrital soils (weathering class VI), which cover most of the area (Figure 2).



The structural features of the joints of the rock basement range from a very large number of small fractures to very significant faults key to the regional tectonic evolution of the area. Thus, the rock is fractured and intensely fractured to completely cataclastic, with cases of clays and traces of sliding friction (slickensides).



The rock degradation is frequently accompanied by hydrolysis phenomena, characterized by a gray-greenish matrix. Mineralogical–petrographic investigations (thin sections and X-ray diffraction) of these zones have shown that the alteration consists of chloritization of phyllosilicates and sericitization of feldspars. In the granitite facies, the alteration is in an advanced stage (argillation of feldspars, with moderate amounts of montmorillonite).



A borehole (named SG5) was drilled at 492.786 m above sea level (Figure 3) along the slope bordered at the top by a flat zone named “Aquile” and at the bottom by a densely urbanized coastal plain including the Favazzina village and has reached a depth equal to 410 m. Figure 4 shows the geological map of the area where the borehole (red star in figure) is located.



The borehole was drilled with the continuous coring method using the wire line technique. The drilling equipment had the following characteristics: torque 1205 kgm, maximum thrust 6500 kg, rotation speed 0–620 rpm and useful stroke 6000 mm. A 410 m long PVC tube for piezometer measurements was installed in the borehole slotted in the depth between 380 and 410 m.



The borehole crosses high tectonic disturbance zones, characterized by numerous tracts of cataclastic bands (at least 3 significant episodes). Cataclasite rocks have been crossed at the depths of 41 m (55.3 m thickness), 195 m (24.5 m thickness) and 277.4 m (6.23 m thickness).



The SG5 stratigraphy is summarized in Table 1 with some pictures of taken core samples.



Two Lugeon tests and surveys by means of a camera (BIPS) and ultrasonic sensors (BHTV) were carried out for the limited significant tracts at 357.0 m–407.5 m and 228–266 m, respectively, inside the internal wall of the hole.




2.2. Methodological Approach


In order to characterize the rock mass along the vertical sampling of the borehole, the methodology adopted was oriented toward classifying the rock mass according to the main parameters:




	-

	
The rock degradation degree, which strongly affects the uniaxial compressive strength (σc) of the intact rock;




	-

	
The rock mass fracturing level, defined by means of the “Geological Strength Index” (GSI) [7,8,9,10,11,12,13,14,15,16].









In order to quantify these parameters, the rock quality and the rock jointing were evaluated.



Regarding the evaluation of σc, the weathering degree, varying from I to VI, and the manual index of compression strength, varying from R0 to R6, were used according to the tables proposed by ISRM [17]. This analysis enabled the evaluation of σc along the vertical of the borehole.



Regarding the rock mass fracturing level, the analyzed data for the description of the characteristics of the fracture state of the rock mass are the number and inclination of discontinuities with respect to the vertical; joint roughness; joint alteration and filling.



The GSI evaluation was carried out by means of qualitative and quantitative approaches. In the first one, the GSI was defined through an estimate based on the visual inspection of the structure of the rock mass and on the basis of the table proposed by [7]. The GSI was qualitatively estimated for homogeneous zones identified according to the level of fracturing and the lithology of the identified rocks along the borehole.



Regarding the quantitative approach, the parameters for the characterization of the rock mass were estimated, evaluating the GSI by means of analytical equations based on parameters measured and/or assessed directly on the cores of the borehole. The approach used for the quantitative GSI evaluation was performed by means of the equation proposed by [18]:


  G S I = 153 −   165     1 +        J p    0.19       0.44        



(1)




where JP is a joint parameter evaluated as follows:


    J   P   =  0.2     j C      V   b   D    



(2)




where jC is a joint condition factor, Vb is the volume block and D is a parameter defined as follows:


  D = 0.37 j  C  − 0.2    



(3)




where jC [6] is equal to


  j C =   j R × j L   j A    



(4)




where jR, jA and jL describe the roughness, the alteration and the joint length, respectively. The evaluation of these parameters was performed using the tables proposed by [6]. According to these tables, a numerical value of these parameters was assigned to each piece of the borehole core.



The Vb evaluation was carried out as suggested by [19], using the following equation:


   V b  = β ·    J V    − 3    



(5)




where β can be considered equal to 36. JV (volumetric joint count) is a parameter function of the joint number per volume unit, evaluated by means of wJd (≅JV) on the cores of the borehole:


  w J d =  1 L   ∑   f i     



(6)




where fi is a function of δ, the angle between the joint and the borehole vertical [19].



In this way, the GSI numerical value was evaluated using data (slope, roughness, alteration and filling of joints) provided for each joint crossed by the geomechanical log.



Moreover, laboratory tests (uniaxial and triaxial compression tests) were performed on rock samples taken at different depths along the survey, and the results were interpreted using the generalized Hoek–Brown failure criterion [9], Equation (7):


   σ 1 ′  =  σ 3 ′  +  σ  ci  ′       m b     σ 3 ′     σ  ci  ′    + s    a   



(7)




where mb is a reduced value of the material constant mi, and s and a are constants of the rock mass. They are given by the following:


   m b  =      m   i  exp     GSI − 100   28 − 14  F D       



(8)






  s = exp     GSI − 100   9 − 3  F D       



(9)






  a =  1 2  +  1 6     e  −   GSI   15     −  e  − 20 / 3      



(10)







FD is a factor depending on the degree of disturbance to which the rock mass has been subjected by blast damage and stress relaxation. It varies from 0 for undisturbed in situ rock masses to 1 for highly disturbed rock masses [9].



In the evaluations, mi and FD were considered equal to 32 and 0, respectively. In these conditions, the changes in mb, s and a depend only on the GSI.



By fitting an average linear relationship to the curve generated by solving Equation (7), for a range of minor principal stresses (function of in situ vertical stress), the equivalent angle of friction and cohesive strength were determined.



The elastic deformation modulus Erm of rock masses was evaluated according to [9] and considering the elastic deformation modulus of intact rock equal to Ei = 725 × σc,i [20].



The rock mass strength parameters were determined using RocLab 3 software (Rocscience, Toronto, ON, Canada), which uses as input parameters the unconfined compressive strength of intact rock σci; the Geological Strength Index, GSI; the intact rock parameter mi and the disturbance factor FD. The last ones are estimated from built-in charts and tables based on rock type, geological conditions, etc.





3. Results


3.1. Rock Mass Characterization along the Borehole


In order to assess the GSI, homogeneous zones for the fracturing level along the borehole were identified. In the evaluation, meters from 0 to 41 of the borehole were not taken into account because this area comprises highly altered rocks (silty sand, silty gravel, sandy silt and sandy gravel) that can be classified as soils. The geomechanical characterization was performed for the part of the borehole from 41 to 350 m because over this depth the recovery of core samples was low.



Figure 5 shows the trend in intact uniaxial compression strength (σci) with depths from 96.3 m to 350 m evaluated using the methodology described in the previous section.



It can be noticed that the intact uniaxial compression strength changes from 0.44 MPa (in the more altered zones) to 100 MPa (in the less altered zones). Five values were obtained: 0.44, 15, 38, 75 and 100 MPa.



Figure 6 shows the percentage of meters of rocks crossed by the borehole with different intact uniaxial compression strengths (σci).



It can be seen that 76% of the whole length is characterized by rocks with σci from 38 MPa to 75 MPa, 11% by rocks with σci equal to 15 MPa, 7% by rocks with σci equal to 100 MPa and 6% by rocks with σci equal to 0.44 MPa.



GSI values obtained using the previously outlined quantitative approach are shown in Figure 7.



It can be noticed that most GSI values are in the range 35–60, typical of rock masses from good to poor.



Table 2 shows the percentage of GSI values for the investigated meters (i.e., from 41 to 350 m) of the crossed rock masses in the borehole.



It can be observed that 71% of the investigated meters of the crossed rock masses have a value of the GSI less than or equal to 40 and so are characterized by surface conditions from poor to very poor and by a structure from blocky/disturbed/seamy to laminated/sheared.



Figure 8 shows the percentage of meters of rocks crossed by the borehole with different values of the GSI.



It can be observed that 73% of the thickness of the rocks is characterized by rocks with a GSI between 30 and 50, and 19% is characterized by rocks with a GSI between 51 and 60, 5% by rocks with a GSI greater than 60 and 3% by rocks with a GSI less than 30.



The trend in σci against the GSI is shown in Figure 9.



It can be observed that equal values of σci are characterized by highly variable values of the GSI.



The results in terms of the GSI reported in the chart proposed by [7] show that the rock masses have a structure from disintegrated to blocky, while the surface conditions range from good to fair.



Figure 10, Figure 11 and Figure 12 show the trends in mb, s and a with the depth.



It can be observed that the mb values, reduced values of the material constant mi (assumed equal to 32), change from 1.1 to 12.2 along the borehole.



Figure 11 shows that the s values change especially from 0.000026 to 0.0498 along the borehole.



The trend shown in Figure 12 highlights that the values of a change from 0.501 to 0.619, although most values are equal to 0.501.



The values of the equivalent friction angles and the cohesive strengths for the crossed rock masses are shown in Figure 13 and Figure 14.



The friction angle values change from 13° to 64°, although most values are between 37° and 60°.



Regarding the cohesion, the values change from 0.10 to 2.61 MPa, and the trend shows a great variability with the depth.



The trends in the rock mass parameters uniaxial compression strength σc and global strength σcm are shown in Figure 15 and Figure 16.



The uniaxial compression strength for the rock mass changes from 0.01 to 22.24 MPa. The global strength for the rock mass changes from 0.1 to 49 MPa.



The trends in the rock mass deformation modulus Erm with depth and with the GSI are shown in Figure 17a,b, respectively.



The deformation modulus for the rock mass changes from 14.57 to 56,932 MPa. The trend in the modulus with the GSI shows that it assumes very different values at the same value of the GSI.



The range of mechanical characteristics of the crossed rock masses is summarized in Table 3.



Two Lugeon tests were performed in the borehole at depths of 357 m and 407.5 m where the gneiss showed intensely fractured provided values of the coefficient of permeability equal to 1.1 × 10−6 m/s (9.83 U.L.) and to 4.2 × 10−7 m/s (3.77 U.L.), respectively. The first one is a typical value of medium permeability of rocks with different open joints, whereas the second one is a typical value of low–medium permeability of rocks with thin open joints.




3.2. Conditions and Orientation of Main Joints


Surveys by means of camera (BIPS) and ultrasonic sensors (BHTV) for limited significant tracts (228–266 m) within the SG5 borehole were carried out. Such investigations, as well as providing useful information about the lithology and the state of the rock, enabled the identification of the orientation characteristics (dip and azimuth) of the main joints in the crossed rock masses.



Regarding the joint conditions, an alternation in closed and open fractures was encountered throughout the examined depth with joint aperture changing from 249.57 mm (less deep zones of the survey) to 4.49 mm (deepest zones of the survey).



Moreover, in order to identify the main families of the joints, the values of dip and azimuth are represented in the specific stereogram (Figure 18), and the Fisher concentrations were identified (Figure 19) by means of Dips 5.108 software (Rocscience).



Four joint families were recognized, represented by the “average” discontinuity planes (Table 4).



The results of the surveys were interpreted, taking into account the geolithological characteristics of the areas surrounding the survey as well as the main fault structures, and reported in the geological map.



The identified families show a very complex geomechanical framework. In particular, a relevant fault for the area was certainly crossed, belonging to the family of the main faults. The families were inserted in the two most important systems of discontinuity of the area (Figure 20): the main one is oriented in the direction parallel to the coastline, which can be referred to as the family “4 m” (blue full circles in figure) and its conjugate “2 m”, and the other one is orthogonal to the previous one, identified by the family “1 m” and its conjugate “3 m”.



The azimuth of family “4 m”, equal to 62°, provides a useful indication of the angle of a major fault, slightly rotated with respect to the coastline.





4. Discussion


The obtained results highlighted that the crossed basement is characterized by an alteration and fracturing, which vary strongly and in a discontinuous way with the depth. The alteration observed at the surface also continues at various depths and with extreme variability as shown by the values of the uniaxial compressive strength (σci) of the intact rock, the “Geological Strength Index” (GSI, Figure 5, Figure 6 and Figure 7) and all evaluated parameters.



Regarding the uniaxial compressive strength of the intact rock (Figure 5), the variability (from 0.44 MPa to 100 MPa) in this value is reduced over 301 m, and it changes from 38 MPa to 75 MPa, showing that the strength of intact rock improves beyond this depth.



A similar trend was observed for the GSI (Figure 7). It shows values always greater than 38, typical of rock masses from good to poor over 301 m.



The comparison of the GSI versus σci (Figure 9) showed that different values of the GSI from poor to good match the same value of σci, but with the increase in σci (100 MPa) the corresponding values of the GSI are all greater than 50, values typical of good rock masses.



Regarding the graphs of mb, s and a values versus depth (Figure 10, Figure 11 and Figure 12), different trends were observed. Indeed, the mb trend is extremely variable with the depth, and this variability decreases over 301 m of depth; parameter s changes with the depth in a less marked way, while small variations in “a” are observable with depth.



The friction angle values change from 13° to 64°, and cohesion values (Figure 13 and Figure 14) change from 0.10 to 2.61 MPa, related to the state of alteration and jointing of the rock mass with the depth. Also, in these cases, the variability in both characteristics is reduced over 301 m, the friction angles change from 42° to 57° and the cohesion values change from 1.25 MPa to 2.25 MPa.



The uniaxial compression strength (Figure 15), a parameter important for the process of fracture propagation for stability of excavations and designing support systems, and global strength of the rock mass (Figure 16), a parameter important for overall strength, show extreme variability until 301 m; over this depth, their variability is also reduced, and the values change from 1.3 to 8 MPa for uniaxial compression strength and from 10 to 28 MPa for global strength.



The deformation modulus for the rock masses (Figure 17) varies extremely until 301 m; over this depth, its variability is reduced to between 5010 and 3010 MPa. Moreover, it was observed that the deformation modulus changes extremely for the GSI between 50 and 60 (Figure 17b).



According to the geomechanical results, three zones have been identified along the vertical of the borehole divided by three cataclastic bands (Figure 21). In the first one (96.3–195 m), the alternation in fractured/slightly altered rock masses defines an extreme variability in geomechanical parameters. The second one (219.6–277.4 m) is characterized by a reduced presence of fractured rocks and slightly altered rock masses that provide an intermediate variability in geomechanical parameters. The last one (301–350 m) is characterized by an even smaller presence of fractured rocks that determines a reduced variability in geomechanical parameters. Table 5, Table 6 and Table 7 summarize the range of variation in geomechanical parameters of rock masses in the three zones.



In the second zone (219.6–277.4 m), the surveys by means of camera (BIPS) and ultrasonic sensors (BHTV), performed for limited significant tracts (228–266 m) within the SG5 borehole, show joint conditions with apertures ranging from extremely large (open) (249.57 mm) to moderately large (semi-open) (4.99 mm).



The results of Lugeon tests performed inside the borehole over 350 m show values of permeability from medium to low–medium typical of rocks with different open joints and of rocks with thin open joints. The zones of medium permeability can represent preferential areas of water ingress during the excavation works.




5. Conclusions


The stability assessment is important in underground works inside rock masses, and the use of a methodology to evaluate the critical zones to be crossed is crucial for the design and also for safe excavation and construction. Design procedures to account for current geomechanical conditions should be well defined, including the recognition of susceptible zones of more altered materials that need to be surveyed with more detail. The combination of laboratory testing and geomechanical modeling can provide valuable insights into the mechanical behavior of the rock mass, aiding in the development of robust engineering solutions for deep drilling projects.



In this paper, the performed analyses highlight the extreme variability in the geomechanical characteristics along the deep borehole. It was observed that it decreases with depth, and three zones with different dispersions of geomechanical parameters were identified, divided by as many cataclasite zones: the first zone from 96.3 to 195 m where the rock masses are more fractured with the greatest dispersion, the second one (219.6–277.4 m) where the rock masses are less fractured than the previous one with an intermediate dispersion of geomechanical parameters and the third one from 301 to 350 m where the zones with fractured rock masses are rare with the lowest dispersion of geomechanical parameters.



The variability in the rock masses found in the survey certainly affects the excavation of the underground works such as tunnels because the excavation machines dig in mixed front conditions, crossing zones of rock with very different resistances (zones 1 and 2). In these conditions, the crossing of the more fractured zones must be undertaken with particular caution, previewing consolidation works in advance. Cataclasite zones should be excavated via the immediate installation of supports.



Engineering knowledge combined with the use of geotechnical software tools made it possible to reach a simple and economic solution for the characterization of a deep borehole in a very fractured and altered rock mass.



Further research should focus on real-time monitoring of geomechanical parameters during drilling operations to enhance safety and optimize performance.
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Figure 1. In situ state of degradation of outcropping crystalline basement. (a) Residual soils; (b) extremely degraded rock masses; (c) intensely tectonized rock masses. 
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Figure 2. Weathering grade map of the area and landslides. Weathering grade map legend: (1) gneiss of class II; (2) gneiss of class III; (3) gneiss of class IV; (4) gneiss of class V; (5) gneiss of class VI; (6) coastal and alluvial deposits; (7) terraced marine deposits; (8) marine coarse sandstone deposits; (9) landslide debris. 
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Figure 3. Borehole location. 
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Figure 4. Geological map of the area. 
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Figure 5. σci rock values against depth. 
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Figure 6. Percentage of meters of rocks along the borehole with different σci values. 
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Figure 7. GSI values of crossed rock mass against depth. 
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Figure 8. Percentage of rocks along the borehole with different GSI values. 
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Figure 9. GSI values against σci. 
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Figure 10. Trend in mb versus depth. 
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Figure 11. Trend in s for the rock mass versus depth. 
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Figure 12. Trend in a of the rock mass versus depth. 
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Figure 13. Trend in the equivalent angle of friction of the rock masses. 
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Figure 14. Trend in the cohesive strength of the rock masses. 
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Figure 15. Trend in the uniaxial compression strength of the rock mass. 
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Figure 16. Trend in the global strength of the rock mass. 
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Figure 17. Trends in the deformation modulus of rock masses with (a) depth and (b) GSI. 
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Figure 18. Stereogram. 
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Figure 19. Joint families. 
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Figure 20. Average planes of all detected discontinuity families. 
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Figure 21. Identified variability zones of geomechanical parameters. 
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Table 1. SG5 stratigraphy and pictures of core samples.
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Depth (m)

	
Stratigraphy

	






	
0–41

	
Silty and gravel sands

	




	
41.0–96.3

	
Strongly altered cataclasite (cohesive and granular soils)

	
[image: Geotechnics 04 00011 i001]




	
96.3–140.6

	
Fractured/slightly altered granite
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140.6–195

	
Slightly fractured and altered gneiss
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195–219.6

	
Strongly altered cataclasite (cohesive and granular soils)

	




	
219.6–230

	
Fractured/slightly altered gneiss

	




	
230–243

	
Slightly altered granite

	




	
243–258

	
Fractured/slightly altered gneiss
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258–261.8

	
Slightly fractured altered granite




	
261.8–277.4

	
Slightly fractured and altered gneiss

	




	
277.4–301

	
Strongly altered cataclasite (cohesive and granular soils)

	




	
301–304.5

	
Fractured/slightly altered gneiss

	




	
304.5–307.1

	
Slightly fractured and altered granite

	




	
307.1–319.7

	
Slightly fractured altered gneiss

	




	
319.7–322.3

	
Slightly fractured granite

	




	
322.3–410.0

	
Fractured/slightly altered gneiss

	











 





Table 2. Range of GSI versus percentage (%) of borehole meters.
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	GSI
	% (from 41 to 350 m)





	≤20
	42



	21–40
	29



	41–60
	27



	≥61
	2










 





Table 3. Range of mechanical characteristics of the crossed rocks.






Table 3. Range of mechanical characteristics of the crossed rocks.





	σci (MPa)
	0.44–100



	GSI
	5––73



	mb
	1.1–12.2



	s
	0.000026–0.0498



	a
	0.501–0.619



	ϕ (°)
	13–64



	c (MPa)
	0.10–2.61



	σc (MPa)
	0.01–22.24



	σcm (MPa)
	0.1–49



	Erm (MPa)
	14.57–56,932










 





Table 4. Orientation of average planes of main joint families.
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Average Planes






	
Joint family

	
Dip

	
Azimuth




	
1 m

	
76°

	
68°




	
2 m

	
181°

	
70°




	
3 m

	
259°

	
69°




	
4 m

	
310°

	
62°











 





Table 5. Zone 1.






Table 5. Zone 1.





	σci (MPa)
	0.44–100



	GSI
	5–73



	ϕ (°)
	15–64



	c (MPa)
	0.10–2.61



	σc (MPa)
	0.01–22.24



	σcm (MPa)
	0.1–49



	Erm (MPa)
	14.57–56,932










 





Table 6. Zone 2.






Table 6. Zone 2.





	σci (MPa)
	0.44–100



	GSI
	25–60



	ϕ (°)
	13–56



	c (MPa)
	0.15–2.00



	σc (MPa)
	0.01–8.00



	σcm (MPa)
	0.1–31



	Erm (MPa)
	19–28,275










 





Table 7. Zone 3.






Table 7. Zone 3.





	σci (MPa)
	38–75



	GSI
	38–60



	ϕ (°)
	44–55



	c (MPa)
	1.25–2.20



	σc (MPa)
	1.1–8.0



	σcm (MPa)
	9.2–28



	Erm (MPa)
	3835–28,275
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