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The stability of tunnel site depends upon the deformation behaviors of the surrounding rocks, including joint density, mineral composition, micro cracks, and grain boundaries. The aim of this study was to analyze the mechanical properties of the Besham Complex in Northern Pakistan in terms of petrography and joint analysis. The Besham complex is prone to deformation as it is bounded by the Main Mantle Thrust (MMT) in the north, the Thakot fault (Tf) in the east, and the Swat block in the west. In the study area, the deformation was observed at the mesoscopic scale, while alteration in grains and fractures were determined at a microscopic scale. Detailed petrographic study of the representative samples from each station revealed that the area is dominantly composed of granite, quartz syenite, quartz monzonite, granodiorite, quartz-rich granitoid, monzogranite, alkali feldspar granite, and quartz monzodiorite. Extensive field work was performed to determine the joint volume (JV), in which the number of joints per cubic meter was recorded for each joint set. The rock quality designation (RQD) was calculated through JV analysis. An RQD value <25% suggested that most rocks are very poor quality, while samples with RQD values between 25% and 50% are poor quality. The petrographic analysis revealed that the dominant contents of the rock samples are feldspar (55.6%), quartz (27%), and mica (17.4%). Petrographic control over surface joint volume was established, suggesting that abundant feldspar, coarse grain, anhedral to subhedral grain shape, microcracks, and alteration of minerals provide planes of weakness for joints and thus reduce the RQD value. Therefore, some serious precautions and supporting measurements, such as shotcrete, rock bolts, metal mesh, and steel arch supports, are essential to avoid severe geo-hazards during further excavation.
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1 INTRODUCTION
Geotechnical and geological investigations of rock are very important factors for tunnel construction (Hoek, 1982; He et al., 2021; Ma et al., 2022). Sufficiently high stresses cause fractures in rocks, and an overall reduction in the bearing capacity of the rocks occurs (Ewy and Cook, 1990). The rock mass quality depends upon the rock mass deformability, rock mass strength, discontinuity, anisotropy, weathering, and alteration effects (Panthi, 2006; Abdelhamid et al., 2022). The construction of tunnels is a problematic engineering project that could be affected by unforeseen geological conditions; therefore, geological investigation plays a significant role in the construction of tunnels (Balasubramanian, 2016).
The construction of a tunnel could be affected by deformation of the surrounding rocks (Singh et al., 2011; Hao and Yan, 2015; Kainthola, 2015; Gomah et al., 2022. The deformation behavior of surrounding rocks has been studied, and various solutions have been proposed by many geologists. Huang and Huabo (2010) studied the construction of tunnels through a faulted rock mass of metasandstone overlain by slope debris and described the geological settings, highlighting the poor quality of the rocks in the area. Wang et al. (1984) studied the classification of rocks on an underground engineering basis, such as pressure control and stress on rocks, and also studied the rock deformation mechanisms, structures, and characteristics of the classification. Zhang (2016) performed a rock mass classification of the deformed rocks for underground excavation and engineering projects. Rock mass strength, rock classification, geology structure, stress and strain, and discontinuities all have a great impact on tunnel stability (Keykha et al., 2012). The rock quality designation (RQD) can be determined using number of joints per unit volume based on joint analysis (Abdeh Keykha and Huat, 2011). Previously, joint analysis has been carried out to find out the RQD to check the rock mass quality for a tunnel (Terzaghi, 1946). Palmström (1982) first used the scanline method to determine joint volume (Palmström, 1982). RQD is used to check the quality of rock mass for tunnels and engineering purposes (Deere, 1964) and has been used in many engineering projects for more than 20 years. The method is still in use (Deere, 1988; Abdeh Keykha and Huat, 2011). Palmström (1982) used RQD to determine rock mass quality in a case of no core logs, which can help determine the joint volume count. The mechanical response properties of rock are controlled by grain size, grain shape, degree of interlocking, types of contact, and mineral composition (Irfan, 1996; Sun et al., 2017; Ahmad et al., 2021).
In the study, a divergent tunnel is being constructed to divert the water of Khan Khwar to the power house of the Karora Hydropower Project. The purpose of this hydropower project is to produce 11.8 MW of electricity. The feasibility report of August 2011 was obtained from Associated Consultant Engineers ACE (PVT) (Ltd, 2011). This report revealed that the tunnel is sited on the complex lithology of the Besham Complex (Hussain et al., 2004) with mixed lithologies, that is, a heterogeneous mixture of schist, gneisses, granitic gneisses, amphibolites, blue quartzite, metapsammites and other pegmatites, mylonites, phyllonites, weakly deformed hornblende granodiorite and undeformed microgranites, pelite-rich metasedimentary rock, mafic dykes (LaFortune, 1988; Williams, 1989), and structures, such as shear zones, weak strata, fault gouges, mylonites, and microfolding, and the presence of groundwater, alteration products, and breccia (Ltd, 2011). The stabilization and construction of tunnel in a mélange zone is challenging work (Panthee et al., 2016).
The aim of this study was to identify the Karora Hydropower tunnel stability problems based on joint analysis (joint density), petrography, structural features (folding) analysis, and general geology of the study area. For this purpose, a field survey was conducted to collect 17 rock samples along the tunnel site (Figure 2) and determine joint volume and deformation, such as minor folds, joints, fractures, and weathering, and alteration at various stations.
The main objectives of this study include: 1) to determine RQD based on the number of joints per unit volume. 2) To evaluate the rock characteristics and compositional features such as mineralogy, grain boundary, grain texture, grain shape, fractures, and grain size using petrographic parameters. 3) To identify the mineralogical and textural characteristics of rock samples and their correlation with the engineering properties of the study area to determine how these parameters control the rock stability. 4) To correlate petrographic results and joint surface volume of the rocks to establish how the volume of a joint is controlled by petrography.
1.1 Regional geology and tectonics
Geologically, Northern Pakistan is divided into three territories from north to south: the Eurasian Plate, the Kohistan Island Arc, and the Indian Plate (Figure 1) (Irving, 1979). In the late Triassic, Pangea was divided into two super continents, Laurasia to the north and Gondwanaland to the south, separated by the Tethys Ocean (Du Toit, 1937). The Indian Plate was part of Gondwanaland, which rifted away from this super continent about 130 Ma (Johnson et al., 1976), followed by the opening of the Indian Ocean and extensive sea floor spreading (Kazmi and January, 1997). The Indian Plate began to move northward; the Neotethys Ocean started to close around 130 Ma, and intra-oceanic subduction started to generate a series of volcanic arcs, such as Kohistan Ladakh, Kandhar, and Nuristan, during the Cretaceous (Searle, 1991; Treloar and Izatt, 1993). Between the Late Cretaceous and Eocene, the Indo-Pakistan landmass collided with the Kohistan Island Arc and the Eurasian Plate, which resulted in the Himalayan fold and thrust belt (Molnar and Tapponnier, 1975; Stocklin, 1977; Tahirkheli, 1979; Windley, 1983; Farah et al., 1984; Petterson and Windley, 1985; Baig and Lawrence, 1987; Yeats and Hussain, 1987). The squeezing of the Kohistan Ladakh arc between the Indian and Asian Plates and the closing of the Tethys produced two mega structures, the Main Karakoram Thrust (MKT) or the Shyok Suture in the north and the Main Mantle Thrust (MMT) or the Indus Suture in the south (Figure 1) (Rehman et al., 2011).
[image: Figure 1]FIGURE 1 | Regional geological map of the Northwest Himalaya showing major tectonic units of the Indian Plate, rocks of the Kohistan–Ladakh arc sequence, and the southern margin of the Asian Plate. Modified after Rehman et al. (2011).
1.2 Study area geology
The study area is situated in the south, close to the MMT, which passes about 20 km north of the study area, and in the rock mass belonging to the Indian Plate, as shown in the regional geological map (Figure 1). The Besham basement block is bounded on the east and west by the high-angle and north-trending Thakot and Puran Fault shear zones (Baig and Lawrence, 1987).
The research study area is located in the Besham Complex (Figure 2). The word “complex” is used to describe the rocks of the Besham area, where an assemblage of rocks of different origins are folded together, complicated, and intricately mixed (Ibrahim Shah, 1977). Stratigraphically, the Besham Complex is divided into five units (Besham group, mafic dykes, granitic intrusion and associated pegmatites, Karora group, and leucogranite). The oldest unit is the Besham group, which was defined and named by Fletcher et al. (1986).
[image: Figure 2]FIGURE 2 | Detailed geological map of the study area modified after Hussain et al. (2004).
The Besham group is mainly composed of a heterogeneous mixture of schist, gneisses, amphibolites, blue quartzite, metapsammites, and other pegmatites, mylonites, phyllonites, weakly deformed hornblende granodiorite, and undeformed microgranites (Williams, 1989). The few amphibolites are cross cut by pegmatite. Boudinage structures have commonly been reported in the form of pegmatite and amphibolite within the gneisses (Williams, 1989). Structures found in the Besham group include tight, upright to recumbent folds (LaFortune, 1988; Baig, 1990). According to LaFortune (1988), the second oldest are the mafic dykes that intrude into the Besham group. These dykes have metamorphosed to amphibolite grade. The third group of rocks include small granitic intrusion and associated pegmatites. The granitic intrusions are named Shang and Dubair granodiorite and considered late stage differentiation of Lahore granite by Ashraf et al. (1980). LaFortune (1988) named pegmatite as Shorgara Pegmatites. The fourth unit of the Besham Complex is the Karora group, which lies unconformably over the earlier three units. Jan and Tahirkheli (1969) and Ashraf et al. (1980) identified an unconformity between the Besham and Karora groups. The Karora group is a pelite rich metasedimentary sequence that overlies unconformably on the Besham group. The lithologies of the Karora group are folded and crenulated phyllites and schists that have metamorphosed at greenschist to amphibolite facies (Williams, 1989). Conglomerate, carbonaceous, and calcareous metasediments of the Karora group provide evidence for more than one metamorphic event (Kazmi and January, 1997). The fifth unit is leucogranite, which intrudes into both the Karora and Besham groups according to LaFortune (1988). These rocks are equigranular, medium-grained and contain quartz, biotite, microcline, oligoclase, and accessory sphene and pyrite (Kazmi and January, 1997).
2 METHODOLOGY
This study included field data acquisition, joint volume, and laboratory work. The detailed steps are described as follows.
2.1 Field data acquisition
The field trip was conducted for about 2 weeks in the study area. This procedure involved collecting data from the extensive geological field in the form of joint parameters through joint analysis, from which we could find the RQD value, and rock samples were collected for thin sections. These methods were used to determine the rocks’ mechanical response for the suitability of the Karora Hydropower tunnel construction. Rock samples for petrographic study from each station in the study area were selected. Important features like grain size, grain color, grain texture, and mineral composition were noted on the basis of hand specimen observation.
In the study area, the geographic coordinates of each station were recorded, and important field features like major and minor folding, deformation, and boudinage structures were also observed and photographed. The joint analysis, such as joint orientation, was performed by the directional data on the dip and strike of the joints, using a Silva Ranger Compass.
2.2 Joint analysis and RQD
Joint density was determined through the scanline method using a 1-m measuring tape. We drew a 1 m cube using spray paint in the outcrop for each station. First, we determined whether the rock had one, two, or three sets of joints. We counted the number of joints for each set and then added them to obtain the value of JV to determine the RQD (see Eq. 1).
The RQD was developed and defined by Deere and Miller (1966). RQD is defined as the sum of intact core pieces longer than 10 cm in the total length of the core (Deere and Miller, 1966). Palmström (1982) proposed that when a core is unavailable, the RQD may be estimated from the number of joints per unit volume, in which the number of joints per meter cube is added for each joint set. The RQD values in this research were estimated from the number of joints per cubic meter. The suggested relationship between RQD and JV is given by Eq. 1 (Palmström, 1982).
[image: image]
JV (joint volume) is the sum of the number of joints per unit length for all joint sets.
2.3 Laboratory work
After the field work, we selected 17 suitable samples for making thin sections. The thin section samples were cut at the National Centre of Excellence in Geology (NCEG), University of Peshawar’s rock cutting laboratory. Thin sections were examined for model mineralogy, micro cracks, grain boundary, and grain size at the petrography laboratory at the University of Swat’s Center for Earth and Space Sciences (CESS). Additionally, the data collected in the field were processed in the computer laboratory at CESS to generate geological and stratigraphic maps of the study area. The model mineralogy for rock sample classification was performed based on the International Union of Geological Sciences (IUGS). Finally, various structure features, such as drag fold, major fold, and boudinage structures, were marked, and rose diagrams were plotted for the direction of various stresses observed in the rocks by using the strike and dip of each joint sets (Tables 2, 3, and 4 and Figures 3A, 4A, and 5A). The laboratory work was accomplished using different software packages, such as Corel Draw X7, ArcGIS 10.5, WinRock Wizard, and GeoRose 0.5.1.
TABLE 1 | Correlation between RQD and rock mass quality.
[image: Table 1]TABLE 2 | JV, strike and dip data, and geographic coordinates of high joint density rocks.
[image: Table 2]TABLE 3 | JV, strike and dip data, and geographic coordinates of medium joint density rocks.
[image: Table 3]TABLE 4 | JV, strike and dip data, and geographic coordinates of low joint density rocks.
[image: Table 4][image: Figure 3]FIGURE 3 | (A) Rose diagram showing the orientation of highly fractured rocks and (B) high joint density rocks.
[image: Figure 4]FIGURE 4 | (A) Rose diagram showing the orientation of joints and (B) medium joint density rocks.
[image: Figure 5]FIGURE 5 | (A) Orientation of joints. (B) Low joint density rocks.
3 RESULTS
3.1 Joint analysis
Joints are planar discontinuities of geological origin in a rock mass, along which there is no discernible or visible lateral displacement (Gumede, 2007). Joints are actually planes of weakness in a rock mass, and they directly or indirectly affect the stability of the rock mass (Gumede, 2007). Jointed rock masses are often found during tunnel excavation; most failures of the tunnel opening during excavation are reported to be related to joints (Ghorbani et al., 2015). Joints commonly occur in sets that are more or less parallel and are regularly spaced (Madkour, 2012). Often, several sets of joints have different directions so that a rock mass is broken up into a blocky structure (Jaeger et al., 2009). Because of the low tensile strength and shear strength, as well as the weakness of rock mass due to the unloading by excavation, rock masses are easy to slide along structural planes and weak zones (Abdellah et al., 2018). Under some conditions, joints may lead to disasters for underground excavations and tunnels (Ghorbani et al., 2015). The engineering properties of a rock mass depend upon far more on the geological defects within the rock mass than the rock strength itself; hence, the frequency and type of the joints are more important than the rock types (Ghorbani et al., 2015). Therefore, characterization and observation of the joints should be performed carefully (Palmström et al., 2001). Joint orientation describes the attitude of the joint in space. A joint orientation is only described by its dip and dip direction angle (Gumede, 2007). Palmström (1982) proposed that when core is unavailable, the RQD may be estimated from the number of joints per unit volume, in which the number of joints per cubic meter is added for each joint set.
3.1.1 General description of high joint density rocks
High joint density rocks are highly deformed, highly jointed, and thin bedded. Due to the high degree of deformation and weathering, the rocks are very exposed, and colors are not visible (Figure 3B). The rock has three sets of joints (Table 2).
3.1.2 General description of medium joint density rocks
Medium joint density rocks are massively bedded and are less jointed (Table 3). The degree of weathering is high. For this reason, the rocks could not be identified. Here, the rocks were less deformed (Figure 4B).
3.1.3 General description of low joint density rocks
Low joint density rocks are massively bedded and not highly deformed or jointed. The degree of weathering is low, and the rock had alternating white and dark bands resembling gneiss (Figure 5B). These rocks have two sets of joints (Table 4).
3.2 Mesoscopic structures
The structure found in the Besham area includes tight upright to recumbent isoclinal folds (Baig, 1990). The discontinuous tectonic lenses and pods are aligned parallel to foliation. The major north-trending folds affect all the units of the Besham group. The Karora group was deposited unconformably on the top of the Besham group, which was enveloped and preserved within synclines formed by these folds (Baig, 1990). The western limbs of these synclines are cut by high-angle, north-trending faults, some of which offset the MMT zone. The strata belonging to the Besham and Karora groups exhibit a predominantly north-trending foliation that dips steeply to the east or west. As a result of frequent folding and faulting resulting in the formation of anticlines and synclines, the study area is occupied by rock units belonging to both the Besham and Karora groups. The study area exhibits at least one major anticline in the weir site area and one major syncline in the middle of the tunnel area, followed by a series of anticlines and synclines in the area downstream of the powerhouse location.
Folded rocks were observed at various stations. The types of folds that were observed are isoclinal folds (Figure 8A), drag folds (Figures 6A,B), anticline folds (Figures 14A,B), fold limbs (Figure 7B), gentle folds (Figure 7A), and recumbent folds (Figure 8B). Boudinage structures and crushed rocks were also observed during the feasibility study (Figures 9A–C). These folded rocks, boudinage structures, and crushed rocks indicate that the area shows a high degree of deformation.
[image: Figure 6]FIGURE 6 | (A,B) Outcrop folding in the form of quartz/feldspar vein (drag fold) and Figure 14 Outcrop showing gentle fold with strike 031 and a dip angle of 54.
[image: Figure 7]FIGURE 7 | (A) Outcrop showing gentle fold with strike 031 and a dip angle of 54 and (B) fold limb.
[image: Figure 8]FIGURE 8 | (A) Isoclinal-type fold. (B) Recumbent fold.
[image: Figure 9]FIGURE 9 | (A,B) Boudinage structures in granitic gneiss. (C) Highly deformed and crushed rocks and a boudinage structure.
3.3 Petrography
Modal mineralogy and the textural relationships are described with the help of petrography (Tables 5, 6). Detailed microscopic examination comprising modal mineralogy and textural relationship of minerals is important. A total of 17 thin sections were studied under a petrographic microscope. The following parameters were determined: dominant minerology, grain size, pattern of contact, and shape of grains. These parameters were determined to evaluate their engineering properties (Yusof and Zabidi, 2016). Detailed petrographic investigations of the rocks exposed in the study area indicate that the proposed site is located in the Besham complex. Rocks of the proposed site dominantly consist of alkali feldspar, plagioclase, quartz, amphibole, and biotite; some muscovite and opaque minerals and sphene occur as an accessory constituent. Quartz and feldspar are the dominant constituent minerals (Table 6). Rocks show deformation in the form of mineralic deformation and micro cracking (Tables 5, 7). Granite, quartz syenite, quartz monzonite, granodiorite, quartz rich granitoid, monzogranite, alkali feldspar granite, and quartz monzodiorite are present in the study area (Figure 10).
TABLE 5 | Rock lithology, locality, and petrographic analysis of various minerals in the study area.
[image: Table 5]TABLE 6 | Model mineralogy of the rocks.
[image: Table 6]TABLE 7 | Microcrack density in major minerals, such as quartz (Qtz), alkali feldspar (Alf), plagioclase (Plg), and amphibole (Amp).
[image: Table 7][image: Figure 10]FIGURE 10 | Quartz, alkali feldspar, and plagioclase (QAP) model composition of the studied rocks.
Quartz grains are mostly strained and show undulose extinction, while feldspar are often altered and have intragranular fracture (Figure 11). Alkali feldspar in some samples shows perthitic texture. Some rocks have a preferred alignment of biotite and muscovite that shows gneissosity. Amphiboles in one sample are highly altered (Figure 12). Further details for each of the petrographic samples are given in the following (Tables 5, 6).
[image: Figure 11]FIGURE 11 | (A) Cross-polarized light (XPL) view showing intragranular fracture in feldspar (Alf, Plg) and quartz (Qtz) with biotite (Bio) on the left. (B) Photomicrograph showing the plane-polarized light (PPL) view of sample S2.
[image: Figure 12]FIGURE 12 | (A) XPL view of sample S13 showing a high amount of amphibole (Amp) with altered alkali feldspar (Alf) and a minute amount of quartz (Qtz) on the left. (B) Photomicrograph showing the PPL view of sample S13 on the right.
3.3.1 General description of sample S2 (very poor)
Feldspar grains are medium to coarse grained and are the dominant constituents. The contact of feldspar grains is sutured. The habits of these feldspar grains are subhedral to euhedral, and some grains are altered. Opaque minerals and biotite are found in minor amounts. Biotite has elongated contact with feldspar and quartz and has concave–convex contact with quartz (Figures 11A,B).
3.3.2 General description of sample S13 (fair)
Amphibole and feldspar are the dominant minerals of the sample. The rock has pinchout structures that are more dominantly present in places. The anhedral grains of amphibole are fractured across the grain and are fine to medium grained with augen shapes. Alkali feldspar is the second-most abundant mineral present in fine to medium grain size, and quartz can be found in minute amounts (Figures 12A,B).
3.3.3 General description of sample S5 (good)
The rock is dominantly composed of quartz and feldspar. The rock contains subhedral to anhedral quartz grains that have granoblastic to xenoblastic texture. The grain size of quartz is medium. The contact of quartz grains with other grains of the rock is elongated and sutured. Anhedral to subhedral feldspar grain is the second-most dominant mineral of the rock, which is mostly altered. The grain of feldspar has sutured and elongated contact with quartz grain (Figures 13A,B). Biotite and opaque mineral grains are present in minor amounts in the form of veins and are limited to intergranular boundary. Leaching of opaque minerals can also be observed.
[image: Figure 13]FIGURE 13 | (A) XPL view of sample S5 showing altered alkali feldspar (Alf) phenocryst, plagioclase (Plg) with medium-grained quartz (Qtz), and a high amount of biotite. (B) Photomicrograph showing PPL view of sample S5.
3.4 Microcrack analysis under a polarizing microscope
Determination of microcracks is very important during petrographic observation because they can cause rock discontinuities that reduce the mechanical response of a rock (Nålsund and Jensen, 2013; Zhang et al., 2020). Kranz (1983) described these discontinuities as massive porosity and holes. The strength of the rock decreases as microcracks are increased in a rock sample. Grain boundaries are the preferred sites for flaws and cracks, which may later develop into penetrative fractures (Brattli, 1992). These microcracks are produced as a result of stress, and these stresses are increased by twin lamellae interaction, kink bands, and deformation lamellae (Kranz, 1983). The microcrack density was determined by the number of microscopic views per thin section. Only the major mineral component of the rocks was considered. Both intra- and inter-granular fractures were counted. The statistical data with the corresponding minerals and samples are given in Table 7.
4 DISCUSSION
Several factors should be considered when analyzing the stability of rocks for tunnel construction. Structural features in the study area of the tunnel have been recognized. The purpose of this research study is to evaluate the proposed site rock in terms of petrography and joint volume analysis for RQD.
During the fieldwork study of the proposed site, it was determined that most of the rocks were deformed (Figures 6A,B). The main or most common deformations were in fracture and joint forms, which greatly influence rock stability (Figures 3A,B, 4A,B, and 5A,B). These joints were present in two and three sets (Tables 2, 3 and 4). A large number of joints may affect the stability of structure by many ways; for example, rock falling from the slope or the floor of the tunnel might allow water to pass through, which can cause problems for underground construction. Joint analysis using scanline and joint volume determination leads to a suggested RQD for each station.
The following Table 8 is based on the RQD value and the number of joints from which the RQD value was interpreted, which provides information about the rock mass quality. Mesoscopic folding was also observed in the study (Figures 6A,B, 7A,B, 8A,B and 14A,B). These mesoscopic structures suggest that this area experienced a number of deformation events. Folding of the area rock is quite dangerous for underground excavation such as tunnels. It may cause caving or bulging of sides or collapse of the roof (Chen, 1992). The rocks in the Table 7 are evaluated through the RQD formula, RQD = 115−3.3 Jv (Eq. 1), to describe the quality of rock (Palmström, 1982).
[image: Figure 14]FIGURE 14 | (A) Anticline fold looking toward 072° and (B) anticline fold that has a dominant lithology of gneiss. The limbs are not completely exposed due to vegetation.
TABLE 8 | Correlation of RQD and joint volume, which shows the rock quality.
[image: Table 8]4.1 Correlation between petrographic and joint sets of the rocks
Petrographic correlations were performed with their respective surface joint volume (JV). Petrographic features, such as grain boundary, shape, size, composition, and status of minerals, highly affect the pattern and density of a fracture. High-density joint volumes (Table 2) of the study area are correlated with their petrography; that is, sutured boundary, alteration of some grains, fractures, strained quartz, the presence of mica, and medium to coarse grains are features responsible for such a large amount of joints. Intermediate joint density volumes (Table 3) are correlated with the petrography of these stations; that is, elongated contact boundary, altered grains, medium to coarse grains, and the presence of mica are features responsible for an intermediate amount of joints. Low joint density volumes (Table 4) are correlated with petrography of the corresponding samples of these stations, that is, fine to medium grain, less fractured, suture contact boundary, and some grains of altered feldspar are features responsible for a low amount of joints. The results of the aforementioned correlations between petrography and joint volume analysis show that the joint volume/density is controlled by rock mineralogy and texture.
Petrographic properties, such as mineral grain size, grain shape, texture, grain boundary relation, deformation, micro cracks, and degree of alteration, affect the strength of rock (Spry, 2013). These properties were analyzed in thin sections through a polarizing microscope. Several investigations have been made on grain size, which is an important factor in the mechanical properties of rock (Brattli, 1992; Liu et al., 2005; Nålsund and Jensen, 2013; Yusof and Zabidi, 2016). These studies observed that decreasing grain size increases both the resistance to disintegration and abrasion. Microcracks such as grain boundaries and intragranular and intergranular fractures affect rock stability (Kranz, 1983). These microcracks affect the porosity and strength of the rock; in most cases, grain boundaries are preferred sites for flaws and fractures. A technique was developed by Brattli (1992) to measure microcracks by correlating microscopy and image analysis.
5 CONCLUSION
In summary, this study aimed to conduct a site investigation of the Karora Hydropower project based on petrography, structural study, and RQD. Petrographically, most of the rocks contain quartz, feldspar, mica, and small amounts of other minerals like amphibole, sphene, and opaque minerals. Rock samples are abundant in feldspar, quartz, and mica contents, with an average of 55.6%, 27%, and 17.4%, respectively. The presence of micro cracks, high feldspar, and low quartz contents in the rock samples significantly influences the rock strength. The rock strength increases with more quartz content, while the presence of more feldspar reduces rock strength. Similarly, the mica-preferred orientation provides a plane for joints and fracturing that can alter feldspar and, as a result, reduces the strength of the rock.
Additionally, the number of folded, crushed, and fractured rocks suggests instability in rock samples, and the strain released upon the removal of subsurface material together with water infiltration can cause collapse of the roof, caving, and bulging of the sides of a tunnel. The joint volume analysis of various locations in the study area also suggests that the RQD <25%; most of the rocks in the study area are of very poor quality. Finally, our research revealed that more attention must be paid during tunnel construction to avoid serious socio-economic damage.
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Scanline No/Cube no. Joint set no.  No. of joints  Joint volume (JV)  Orientation of ~Northing  Easting Elevation

for each set Jjoints

Strike  Dip
3rd set Istset 05 17 338 64 34.89889" 07277264 | 4782 ft

336 63

2ndset | 05 086 49
083 48

drdset | 07 170 54
168 52

By using Eq. 1; RQD = 58.1 (fair rating) (see Table 1).
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Using B, 1: BOD = <153 (very poor quality rating) (see Table 1)
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Sample no.

Rock name

Geological
formation

Locality

Grain size

Fracture

st Quartz syenite | Besham Complex Karora Medium to coarse Elongated, suture, and concave- | Intragranular | Subhedral to
Area grained convex. anhedral

$2 Quartz monzonite | Besham Complex Karora Medium to coarse Suture Intragranular | Subhedral to
Area grained anhedral

$3 Quartz syenite | Besham Complex Karora Medium to coarse Concave-convex, clongated | Intragranular | Subhedral to
Area grained and sutured anhedral

s Granite Besham Complex Karora Medium to coarse Sutured and elongated Intragranular | Subhedral to
Area grained anhedral

s5 Quartz-rich Besham Complex Karora Medium to coarse Elongated and sutured Intragranular | Subhedral to
granitoid Area grained anhedral

8 Granodiorite Besham Complex Karora Medium to coarse Sutured and elongated Intragranular | Subhedral to
Area grained anhedral

S10a Granite Besham Complex Karora Coarse to medium Concave-convex and sutured | Intragranular | Subhedral to
Area grained anhedral

$10b Monzonite Besham Complex Karora Coarse to medium Elongated, suture, and Intragranular | Subhedral to
Area grained concave-convex cuhedral

si2 Alkali feldspar | Besham Complex Karora Medium to coarse Concave-convex, sutured Absent Subhedral to
granite Area grained anhedral
s13 Alkali feldspar | Besham Complex Karora Fine to medium grained | Concave-convex Intragranular  Anhedral

granite Area

sis Alkali feldspar | Besham Complex Karora Medium to fine grained | Sutured and concave-convex | Intragranular | Anhedral to
granite Area subhedral

si6 Granite Besham Complex Karora Medium to coarse Concave-convex and sutured | Intragranular | Subhedral to
Area grained cuhedral

s19 Granodiorite Besham Complex Karora Medium to Coarse Sutured and concave-convex | Intra- Subhedral to
Area grained intergranular  euhedral

$20 Granite Besham Complex Karora Fine to medium grained | Concave-convex and sutured | Intragranular  Subhedral to
Area anhedral

22 Quartz Besham Complex Karora Medium to coarse Concave-convex, sutured, and | Intragranular | Subhedral to
‘monzodiorite Area grained clongated anhedral

24 Dolomitic marble | Besham Complex Karora Medium grained Elongated Absent Euhedral to
Area subhedral

26 Granodiorite Besham Complex Karora Fine to medium to Elongated and sutured Intragranular | Subhedral to
Area coarse grained anhedral
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Scanline no./cube no. Joint set No  No. of joints  Joint volume (JV)  Orientation of ~ Northing  Easting Elevation

for each set joints
Strike  Dip
Ist 2nd set Istset 6 |10 146 68 3490738 07276378' | 4018 ft

144 | 67
| 148 70
142 | 65
145 66
mdet 4 038 82
039 81
036 80
040 s
042 84

Using Eq. 1, RQD = 82 (Good) (see Table 1).





