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Abstract

:

The discrete fracture networks (DFN) have become indispensable tools for geomechanical modelling of jointed rock masses. The technology creates a three-dimensional (3D) representation of fracture geometry used in the construction of surface and subsurface engineering projects in mining, civil engineering, and fracturing of the reservoir in the oil and gas industry. The approach depends on the accuracy of the data obtained during site investigation to create models that represent the fracture geometry of the structure. The better the acquired information available, the better the stochastic analysis that determines the engineering applications and designs that can be carried out. Therefore, it is important to use instruments that can capture fracture distribution characteristics such as fracture intensity, fracture orientation, spatial distribution, fracture length, fracture aperture, and size. This study provides a detailed review of the recent advances in the application of a DFN for modelling jointed rock masses in different engineering applications. The paper shows the principles of modelling in a DFN, including various data-capturing methodologies, and the general application of DFN in various fields. Several case studies where the DFN method was applied are presented in the paper. These include evaluation of slope in an open pit mine, modelling of discontinuity in tunneling, stability evaluation of coal seam longwall, the design of high-level radioactive waste, prediction of groundwater flow, fracturing of petroleum reservoirs, and geothermal cracking of shale gas in the coal bed. However, despite the versatility of the DFN technique, there are still some limitations and challenges to the integration of complexities encountered in rock masses within DFN models.
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1. Introduction


Numerical modelling of rocks begins with setting up a model that is a representation of a rock mass and can be investigated to predict its behaviour upon being subjected to several external conditions. However, rock masses are rarely intact but contain discontinuities such as joints, faults, and bedding planes which affect their mechanical behaviour. When modelling rock masses, it is critical to incorporate the inherent complex discontinuities. Discrete fracture network (DFN) models have proved to be versatile in numerical simulation of such discontinuities, in that they explicitly capture the discontinuity properties and fracture geometries. The concept of the DFN involves the mathematical modelling of fracture sets which represent the discontinuities’ network structure in a real rock mass.



Crustal rocks are the fundamental building blocks of the earth’s crust and are important to the successful implementation and construction of many surface and subsurface engineering structures, including nuclear waste repositories, enhanced oil recovery, enhanced geothermal energy systems, and other underground structures. However, these surface and subsurface rock masses are characterized by a network of complex geological structures (fractures), including faults, bedding planes, unconformities, joints, etc. Accurate characterization of the variability and distribution of these fracture systems is essential to the optimal functioning of these constructed engineering structures. A discrete fracture network (DFN) is one of the numerical modelling approaches used to describe joint properties and variability in a rock mass based on available data from mapping techniques such as the laser scanning technique, geophysical mapping, borehole mapping, and photogrammetry technology. The DFN method presents a realistic three-dimensional (3D) geometry, joint properties, and the variation in the joint fracture system within a rock mass based on the acquired data. DFN modelling specifically defines the geometrical properties of an individual fracture and the topological relationship between the rock fracture such as joints, faults, veins, and bedding planes [1]. The development of DFN models requires sourcing and integrating into a unit of a vast amount of fracture network data from both surface and underground bedrocks [2]. The DFN software generates the 3D representation of fractures by making use of the fractures’ characteristics, such as size and orientation, which are treated as random variables with given probability distributions. The development of the DFN model is categorized into four main components, namely the consistent structural and stratigraphic model, integrating fracture characterization, static DFN model construction, and DFN dynamic validation and upscaling.



However, collecting fracture data seems a herculean task, particularly at several kilometres below the Earth’s crust. Even with continuous advancements in technology, the bulk of high-resolution observations of fracture patterns is still restricted to surface mapping and borehole measurements, which raises difficulties with under-sampling and stereotyping [3]. A DFN model is basically a statistical ensemble, and because it is challenging to collect data underground, most DFNs rely on statistics of fracture networks, and it was anticipated that the target site will be a manifestation of this statistical ensemble [4]. The result of the DFN approach serves as advanced tools in mining operations and other engineering projects such as dam construction, underground excavations, caverns, tunneling, design of underground support systems, fragmentation analysis in blasting [5], and fluid flow in a rock mass. Similarly, DFNs are extensively used in the oil and gas industry to predict the hydraulic behaviour and fracture connectivity in a rock mass [6]. The hydraulic behaviour and fracture parameters are used to establish the zones with high pore pressure during the construction work such as underground hydrocarbon reservoirs and nuclear waste. The DFN is not a novel technology, and the use of the DFN numerical approach can be traced to the early 1970s when it was used to characterize and model fluid percolation in natural fractures [7]. It was adopted and gained wider practice in the mineral extraction industry, most especially in rock engineering and rock mechanics professions. It has also been widely used in geological engineering and hydrogeological and petroleum applications. Currently, the DFN is an integral tool used in various studies and engineering designs for several civil and mining projects [8]. For instance, the DFN can be a useful tool for an in-depth analysis of rock mass strength in a jointed rock mass. It is predominantly used in a rock mass with the presence of discontinuities or highly fractured rock mass.



This study thus aims at reviewing the recent advances in the application of the DFN for modelling jointed rock masses in different engineering applications. The purpose is to catalogue all the principles of modelling in the DFN, including various data-capturing methodologies, different computer programming codes for DFN generation, and the general application of the DFN in various fields, and some specific case studies of DFN models in different engineering applications are elicited. Following that, the observed challenges with the already developed DFN models were pinpointed with the aim of offering purposeful solutions. The review concluded by outlining future research directions in this field. It is, however, pertinent to note that this review is not totally comprehensive on the subject matter, and for the sake of concision, just a small number of credible sources are referenced. For a comprehensive review on specific studies of coupled hydromechanical (HM) characteristics of fractured rocks using the DFN, readers are directed to consult the reviews by [1,9].




2. Background Study


2.1. Overview of Discrete Fracture Network in Mining


There has been an increase in the use of the DFN in providing solutions to mining and geotechnical engineering problems. DFN models have proven to be an effective technology for rock masses characterization using statistical distribution to represent the fracture network [10]. The availability of high computing technologies (hardware and software) has increased the performance of the DFN serving as one of the most versatile tools for analyzing complicated rock mass states and interactions of the fracture network [11].



The method produces a 3D representation of the fracture network by utilizing the observed field data to define the orientation, size, intensity, and spatial model [12]. The success of the DFN technology depends on the quality and quantity of the fracture network acquired from the field. Hence, the method relies on the accuracy of the fracture data collection techniques. After a successful collection of quality data from the site visit, the DFNs then make use of the stochastic analyses to give a range of possible models which will indicate the real mapping area of the slope or tunnel with their stable performance. Alghalandis et al. [13] defined the DFN as a stochastic approach that represents only one possibility derived from statistical distributions of dip directions, dip angles, intensities, and persistence of each fracture set.



Miyoshi et al. [10] stated that the DFN makes use of the statistical distribution principle to describe the fracture parameters such as the fracture location, orientation, intensity, and size. The acquired data from mapping and site investigation are used to create a 3D stochastic model presenting the statistics that describe properties of the specific discontinuities such as faults and persistence of fracture in the rock mass. The basic fracture properties that are required to generate a DFN model are classified into primary and secondary properties. According to Elmo et al., [14], the primary properties entail the geometry of the fracture network while the secondary properties of the specific applications of the DFN model were discussed in Elmo [15]. Rogers and Booth [16] modified the primary and secondary properties of the DFN by adding the sources of the data tabulated in Table 1.



However, to obtain a great amount of persistence during mapping, a Bayesian bootstrap method can be applied to generate rational results [17]. The bootstrap technique is a statistical approach that focuses on the random sampling from an original sample used to create a pseudo-replicate sample of fracture orientation [10], that is, the method provides a sum of the DFN model to simulate highly dispersed orientation data. Similarly, Dijkstra’s shortest-path algorithm can also be used to evaluate the linear discontinuity persistence based on the 3D DFN [17], that is, the extent to which the size of the discontinuities persists in rock masses. Although the shortest-path algorithm approach is relatively difficult to use due to the complexity of 3D spatial analysis, it is considerably easier to estimate the persistence of joints and trace the length of discontinuities in 2D. Generally, the stochastic DFN model approach also has its limitations. Mathis [18] stated the limitations of using the stochastic approach include the uncertainties in statistical parameters and oversimplifications of fracture geometries and topologies. Likewise, the DFN model often led to complex geometric configurations, that is, the modelling of DFN involves thousands of fractures [19]. Recent studies by [20,21,22] showed that the establishment of a hybrid DFN approach can be accounted for by the advantages of both stochastic and geological approaches to create a better 3D fracture network that can present a realistic geological system. Moreover, Hyman [23] stated that the main challenge of using the DFN approach to simulate fluid flow is the creation of an efficient and scalable workflow.



The framework for DFN was discussed by Davy [4]. In their study, a five (5) step framework, whose core components are a set of deterministic data and statistical properties, is shown in Figure 1.



These properties include the black circle arrow which is developed from the blue arrow and the prior knowledge which is the yellow arrow. The outcome of the model can either be empirical or theoretical relationships, that is, the DFNs are used to establish a stochastic model which is denoted by the green arrow, and the prediction which is the brown arrow continuum model can either be a discrete DFN model or an equivalent continuum model (ECM). However, Weir and Fowler [12] argued that it is imperative to develop a network model statistical and spatial measurement that describes the actual rock mass. This developed DFN model must represent the actual ground condition. Notably, the DFN model must contain a structural domain that accurately describes the fracture characteristic such as the joint orientation, degree of fracturing, and joint spacing. A workflow on how to create a DFN modelling process and the path to establish an accurate engineering model is presented in Figure 2.




2.2. Principles of Modelling in DFN


Modelling in DFN entails statistically created networks that represent the major structure of the rock mass. The statistically developed DFN model can be created based on the acquired data during the site investigation. These data can be borehole and mapping of the structural domain of the rock mass. According to Dershowitz [25], the modelling of DFN is performed in different forms and shapes, and these include the flat polygon shapes that are the most flexible, realistic, and trending shape representation. Although, modelling of DFNs in a polygonal shape can be complex and requires some specialized stochastic tools. For instance, Alghalandis [26] made use of an enhanced brute-force search and RANSAC approach to generate a DFN from micro seismic data to an enhanced geothermal system. Similarly, Alghalandis’s [13] study used Alghalandis discrete fracture network engineering (ADFNE) to proffer solutions to the complexity in geometry and spatial characteristics of rock masses.



Moreover, the choice of selecting input parameters for the DFN modelling also depends on the complexity of the geological structure of the site, the scale, and the purpose of modelling [12,27]. In most cases, modelling of a DFN requires the structural mapping data recorded during site investigation. The acquired data are grouped into four main input parameters, namely fracture orientation, intensity, spatial location, and fracture size [12,28]. The current technological advancement brought about the introduction of digital photogrammetry for mining operations and geotechnical mapping of outcrops. This technology can provide joint properties of the rock surface and other data sets required for the DFN modelling, including large-scale waviness, defect orientation, persistence, joint spacing, block size, and geological structure. Unfortunately, the technology cannot provide the key characteristic of the geological discontinuities, including the joint roughness properties, joint wall strength, and properties of joint infill material [16]. These parameters serve as guidelines to generate a 3D stochastic model representation of the site.



2.2.1. Fracture Orientation


Fracture orientations in rock mass are mostly determined by the stress field conditions of the rock and other factors such as the geochemical properties and local and regional scales [26]. Unfortunately, it is impossible to have a 3D representation of the fracture or map the fracture present in the subsurface. The common way of generating information related to fracture distribution (orientations, intensities, apertures, and lengths) in the subsurface can be achieved by taking measurements from the outcrop or carrying out well-loggings. From this, a stochastic fracture network describes a single fracture property in both 3D and 2D, such as fracture shape (in 3D), length (in 2D), orientation, aperture, and position of the fracture centre [29].



Tuckwell [30] emphasized that fractures with different orientations possibly belong to different fracture sets because of different stress conditions. Mostly, in each fracture set, the orientation is highly concentrated with a high value of the degree of concentration of the distribution around the mean direction [31]. Hence, the fracture orientation is the only important factor to differentiate various fracture sets and the neighbouring and overprinting criteria between fractures on an outcrop map [32]. The fracture orientation describes the attitude of a discontinuity in space, which measures the dip and the dip of the joint. The orientation of the fracture network in the DFN model can be created by the statistical approach of aggregate or disaggregate [28]. The statistical approach can be represented as Fisher, Bingham bivariate Fisher, and bivariate Bingham. Alghalandis [26] argued that the probability distributions approach is the most convenient and widely used technique for summarizing fracture orientations.



Similar to the statistical method, the common probability distribution approach for summarizing fracture orientation includes the von-Mises (the circular normal) for 2D and the Fisher distribution and uniform distribution for 3D. The von-Mises–Fisher distribution is usually used to describe the orientation of the fractures [31,33,34]. According to Staub [35], of all the above-mentioned approaches, the Fisher distribution is the most commonly used. This is because it presents an analogue method of normal distribution for fracture data, and the parameters from the mapping can be easily derived. Likewise, Miyoshi [10] added that in cases where the orientation of the data is dispersed, it would be difficult to define the fracture set. Although, the bootstrap method can be applied to generate an aggregate DFN model. The bootstrap will create a pseudo-replicate sample of fracture orientation. According to Alghalandis [26], the orientation of fractures can be defined as oriented, semi-oriented, and fractures with no orientation. The description of the orientation depends on the generated value of k from the von-Mises distribution. For instance, the von-Mises distributions set k to be equal to 1000 for oriented fractures, k is 10 for semi-oriented, and k is 0 for randomly oriented fractures, as shown in Figure 3.




2.2.2. Fracture Intensity


Fracture intensity is one of the factors that describes the geometrical properties of the rock mass. Zhang and Einstein [36] defined fracture intensity as the surface area of discontinuities per unit volume. Lu [37] stated that the fracture intensity is the ratio of the total area of discontinuities and the volume of the rock mass considered. The intensity of jointed rock mass plays an important role in determining the mechanical properties and hydraulic conductivity of discontinuous rock mass. Therefore, it is important to accurately determine the fracture intensity in a rock mass to be able to realistically model the 3D representation of the rock mass [12]. Although, a rock mass demonstrates spatial variability in fracture intensity due to the variation in geometric constituent in a rock mass [37]. In estimating the fracture intensity, the fracture distribution size and the number of discontinuities must be known. However, the fracture tensor can be used to quantitatively describe the intensity and the orientation of the fracture. Kachanov [38] quantified the geometry of microcracks in rocks by introducing a tensor αij, that is, the geometry of cracks in the rock mass can be defined by Equation (1):


   α  i j   =  1 v      ∑  k = 1   m ( v )     [   S  ( k )    ]      3 / 2    n i     ( k )    n j     ( k )    



(1)




where V denotes the volume of the rock mass, S(k) represents the kth discontinuity, and m(V) is the number of discontinuities in volume V, while ni(k) and nj(k) (i,j = x, y, z) are the components of the unit normal vector of the kth discontinuity with respect to orthogonal reference axes i and j (i, j = x, y, z). Dershowitz [39] used the FracMan discrete fracture code to estimate the intensity of the discontinuities. This is carried out by using the discrete fracture code to generate discontinuity networks with known discontinuity size distribution and intensity to simulate the field sampling process. According to Weismüller [32], the fracture intensity is denoted by pij. In the pij system, the subscript i represents the dimension of the sample, while the second index subscript j refers to the dimension of the measurement. Lu [37] explained the use of the two-dimensional fracture intensity (P21) method to predict the fracture intensity in a rock mass. This method makes use of Poisson distribution to model the uncertainty of a P21 measurement. The outcome of their study showed that the uncertainty of P21 measurement can be exhibited by the size of the sampling window, fracture diameter, and fracture intensity. Weir and Fowler [12] argued that the first step in characterizing fracture intensity is the identification of zones of rock mass where the degree of fracturing remains constant over intervals significant to the scale of the model (typically 10 s to 100 s of meters).




2.2.3. Spatial Distribution


The spatial distribution of fractures is determined from the spacing measurements along the sampling lines such as a borehole or the 2D rock face mapping. Zhu [29] stated that it is a complex procedure to characterize the position of the fracture centre. In the studies of Berkowitz and Adler [40], Bour and Davy [41], and Berkowitz [42], they emphasized the importance of fracture centre. That is, when fractures are uniformly distributed from the centre, the fracture orientation and number of fractures per unit volume can be determined. Although, the spatial density distribution brings the clustering effects and might be closer to reality [43]. Over the years, one of the significant changes that has taken place in DFN technology is the evolution from a simple geometric model where the spatial distribution of fracturing is constant within a volume.



However, the commonly used approach to record the spatial distribution of fracture networks is the one-dimensional sampling technique. This approach measures the spacing between fractures in a given fracture set through the map of fracture traces exposed on the rock mass. In Table 1, Rogers and Booth [16] stated that the source of data for spatial variation for DFN modelling can be taken from the analysis of borehole or mapping data. The data were obtained from drilling through the subsurface, which provides quality data detailing the geotechnical logging, core photographs, and rigorous quality-control program. The core samples from the drilling will highlight parameters of the fracture orientation, intensity, and spatial model for the drilling surface. An example of the spatial model from drilling is presented in Table 2 by [12]. The table summarizes the spatial input data and resultant value for the DFN modelling.



From the drilling, the stereographic orientation was recorded where the fracture orientation and Fisher dispersion were obtained for each of the data sets. Thereafter, an enhanced Baecher spatial distribution from the Poisson process model was applied for each model. The enhanced Baecher model works on the principle of using a fracture centre located uniformly in space and applying the Poisson process to create a disk with a given radius and orientation. According to Yue [44], the enhanced Baecher model makes use of fracture shape to generate a polygon with three to sixteen sides. The established polygon can be equilateral or elongated with the ratio of major to minor axis size and orientation being defined.




2.2.4. Fracture Size and Length


The fracture size in the DFN model is regarded as the most challenging parameter in the DFN to quantify, particularly from borehole parameters [12]. Most studies depend on literature to determine the size and the length of fractures of the same type of rock at different locations. Alternatively, the size and the length are estimated from a back-analysis approach, that is, the size and the length are estimated using an empirical relationship between the fracture length and aperture of the rock sample [45]. However, before the empirical method can be used, the rock mass must have the same or similar properties to the rock at hand.



Several researchers have discussed several methods of determining the fracture size using different models. Li [46] described the fracture size in six forms; these include orthogonal model, Baecher disk model, Veneziano model, Dershowitz model, Mosaic block tessellation and modified tessellation models, and lastly, the finite element method (FEM). In the orthogonal model, the model assumes three mutually orthogonal sets of parallel fractures. The fracture size can be determined as the space in between the fracture plane of a rectangular shape fracture. The Baecher disk model assumes that the fracture shape has a circular structure, and the fracture size can be determined by the diameter of the fracture. In the Veneziano model, the fracture is polygonal, and the fracture size is defined by the intensity of the Poisson line processed and the proportion of polygons marked as fractures. In Dershowitz models, the fracture shape is a polygon, the fracture size is also determined by the intensity of the Poisson plane processes, and the proportion of the polygon is marked as a fracture. Both mosaic block tessellation models and modified tessellation models depend on Poisson–Voronoi tessellation models where the fracture size is determined by the density of Poisson points from the Voronoi polygon. Lastly, the finite element method’s (FEM) model approach discretized the fracture into triangular meshes for hydromechanics analysis [47,48,49,50].



During DFN modelling, the user must be able to differentiate between the size and the length of fractures from the rock mapping data. It was also mentioned by Elmo [28] that it is critical to differentiate between the fracture length and size as input parameters for the DFN modelling. Miyoshi [10] defined the fracture size as an equivalent radius if the fracture under investigation is assumed to be polygonal, that is, the fracture size measured from the field is traced with the polygon fracture with a free surface equivalent to the measuring plane in the field. The fracture size or length is usually obtained from bench or outcrop trace mapping. It is necessary to convert the fracture length to an equivalent radius distribution to be incorporated into the DFN model [12]. The length of the fracture in the DFN model for characterizing fluid flow in fractured rock masses plays a key role in generating fracture model networks. An increase in fracture length causes an increase in the permeability of the fracture network. In a study by Zhang [51], the fracture length was increased from 3 m to 13 m, causing an exponential increment in the value of permeability by approximately two orders of magnitude. Likewise, an increment in fracture length also caused an increment in the intersection length and number of intersections. The result of the study by Zhang [51] showed that the fracture length influenced the permeability of the fracture more than that of the geometric parameters, including the intersection length and the number of intersections. Similarly, Liu [52] acknowledged that longer fractures usually have higher permeabilities and larger apertures than shorter fractures. Schnabel’s [53] study made use of the RANSAC shape detection tool to obtain the fracture size from the point cloud data using the cloud compare software. The dip and dip angle are automatically generated using the plane-patch filter RiSCAN Pro software. Li [46] emphasized the importance of the shape and sizes of polygonal fractures. The study stated that a better way of estimating the size is to focus on the vertices of the polygon.






3. Data Capturing for DFN Modelling


Data capturing in a DFN is the most critical process that influences the outcome of the DFN modelling. The quality of the input data determines the outcome of the fracture network. At the end of the modelling, the 3D representation of the discontinuous surface would depend on the quality of field data acquired during site investigations. According to Weir and Fowler [12], it is difficult to conceptually describe the geological interpretation of a rock mass, that is, the relationship between various fracture sets and their properties. It is important to interpret the fracture distribution and properties in terms of their characteristics such as the joint roughness, joint infill materials, and termination of joints. Therefore, to develop a robust DFN model that represents the ideal geometry of fractures, there is a need to generate large statistically and spatially located data that can be georeferenced. For instance, the construction of a tunnel in a highly fractured rock mass requires details of a subsurface fracture network to evaluate the mechanical response. However, reliable mapping data can be used to characterize and establish a sound 3D representation of the fracture geometry.



Over the years, there have been various methods of recording characteristics of fracture networks from a surface. The approaches to map rock surface have been evolving using traditional and modern technologies to capture fracture properties of the rock mass. Modern technologies present digitalized fracture geometry with the advantage of capturing a huge amount of data within a short period of time. Modelling with a DFN heavily depends on the quality of the input parameters from the structural properties of the rock mass [8]. The traditional approach of measuring the spatial data such as the dip and strike is generally performed by hand with a compass or inclinometer, which is dangerous when collecting data in an unstable area. Moreover, the approach is time-consuming. Zhang and Einstein [54] stated that the traditional approach for acquiring input parameters for the DFNs is derived from the manual method of mapping rock faces such as the use of the scanline sampling method, circle sampling, area or window sampling, and use of the geological compass. Although, the manual approach was reported to be time-consuming and thus not often used in mining operations [8]. Similarly, Weir and Fowler [12] stated that the challenge of using the traditional method of kinematic analyses is that assumption is made about the infinite joint length intersecting the excavation plane. Ovaskainen [55] argued that the source of uncertainties in using a manual approach can be attributed to the availability and size of the outcrops and variable visibility of fractures on the outcrop surface caused by censoring, such as the limitation in sample sizes and sample area, which mask the true length of fractures. The data obtained from the mapping will provide information on the strength of the rock mass and its deformability properties, the geological structure, rock mass structure, and the properties of major planes of weakness [56]. Consequently, the absence of quality and comprehensive data from the field can impact the stability analysis of excavation in rock, that is, the better the information available from the mapping field, the better the outcome of the engineering analysis.



The advancement of technology has brought about accuracy and precision in field data capturing. Apart from the accuracy and precision, the introduction of digital mapping instruments such as the terrestrial laser scanner, borehole televiewers, and photogrammetry can generate high-density 3D point cloud data from rock surface mapping [57]. According to Cawood [58], the laser scanning system provides a complete and detailed mapping of a rock mass in mining. Several researchers [59,60,61,62,63] have discussed the strengths and flaws of using the laser scanner instrument and photogrammetry approach in rock surface mapping.



3.1. DFN Data Acquisition with 3D Laser Scanning Technologies


The 3D laser scanning technology is an instrument used for mapping, surveying, and monitoring rock mass movement in mining. The instrument is a non-contact technology that captures high-density data by utilizing a transmitted and reflected laser beam to determine the distance of the reflected objects. This principle of measurement and recording data is known as light detection and ranging (LiDAR). The outcome of the scanning generates millions of point cloud data that shows the scan surface and discontinuity data such as joint orientation, fracture density, and length. Kolapo [64] mentioned that laser scanner technologies can digitize a rock face in 3D with a fast scanning speed and high resolution of up to millimetre accuracy. The 3D laser scanning technologies have greatly improved the methods of collecting in situ data due to the convenient mode of operation. The instrument provides a uniform data format and mapping algorithm that makes it possible to extract accurate and precise data regarding the discontinuities [65]. The accuracy and speed of data acquisition over wide areas enable the creation of 3D models of geological bodies.



Moreover, after scanning tasks, the result is 3D point cloud data. The point cloud data provide a 3D representation of the scan surface made up of single points that are densely populated. The raw point cloud needs to be processed to eliminate human mapping errors or blunders that may be present. The efficiency and accuracy of the acquired point depend on the skill and experience of the operator. The knowledge of the source of errors in using laser scanning technologies is essential in generating reliable point cloud data. The acquired point cloud data can be transferred into computer software packages for processing and further analysis; although, the time taken for processing the data is more than the time required to manually collect the data [66].



The processing software will improve the display performance such as the feature extraction and fusion with imagery data [64]. Tracing of fractures in the mapping of a rock surface using point cloud data was carried out. For instance, Maerz [67] performed the extraction of the geometric parameters of a discontinuous rock mass from laser scans. Several researchers have introduced various computer software packages to extract the geological features from laser scanner point cloud data. Riquelme [68] applied the discontinuity set extractor (DSE) method to estimate the discontinuity spacing in the rock mass. Deweza [69] used the FACETs function on cloud compare software to perform planar extraction and to calculate the azimuth (dip and dip direction) of fractures. Recently, there have been developments in various intelligence algorithms that can identify discontinuity in laser scans. These include the random sample consensus (RANSAC) discussed in Ferrero [70] and the principal component analysis (PCA) approach by Gomes [71]. Likewise, Guo [72] used 1D truncated Fourier series and a curvature-weighted Laplacian-like smoothing method to trace and identify discontinuity directly from 3D point cloud data; Gigli and Casagli [73] applied a MATLAB tool called discontinuity analysis (DiAna) to analyze the rock mass discontinuities from laser scanning point cloud data; Ge [66] proposed a modified region growing (MRG) algorithm to identify discontinuities from the point cloud data. Similarly, Zhang [65] discussed the five (5) steps presented in Figure 4 used to trace the intersection line of two adjacent discontinuity planes.



In Vazaios’s [74] study, polygonal models were used to assess the structural feature of a rock mass such as joint orientation and fracture length. In this approach, the orientation of fractures present is determined by fitting planes to the selected areas of the polygon models after visual inspection. Thereafter, the direction cosines of the normal of these best-fit planes are used to evaluate the dip and the direction of fractures as shown in Figure 5a,b.




3.2. Photogrammetry Approach of Collecting DFN Data


Like 3D laser scanning instruments, the photogrammetry approach also produces digital elevation models (DEM) at high densities. The method makes use of digital photography of a surface captured from two or different locations to determine the depth and the dimension of space [16]. The mode of operation is by overlapping multiple photographs to generate DEM that can create 3D models of the surface. This approach makes use of motion video of surfaces or objects with cameras to generate 3D space to estimate X, Y, and Z coordinates for each pixel of an image capture. The photogrammetric approach provides a combination of 3D and spectral remote sensing data in a flexibly and cost-effective manner [75]. The method has been described as the main tool to compute the volume of ore in an open pit mine [76].



In the early 20th century, photogrammetry principles were introduced with the use of stereoscopic instruments for the construction of topographic maps. The advancement in technologies has brought about the integration of spectral remote-sensing data to generate DEM. The emergence of modern and high-resolution digital cameras proffers solutions to the restriction of the number of photographs that can be taken during data collection and provides quality pictures that can easily be assessed during data collection. Bemis [77] discussed that the noticeable barrier in using this approach is achieving the optimal positioning for the camera relative to the object of interest due to topography, vegetation, etc. Although, the barrier is being reduced over the years with the advent of high flight height digital photography from UAVs that provides improved synoptic views from overhead. Rogers and Booth [16] stated that a noticeable limitation in the use of digital photogrammetry for geotechnical mapping is that it cannot record measurements of certain key characteristics such as the thickness and type of infill materials, joint wall strength properties, and small-scale roughness. This is the reason why the remotely taken measurement by photogrammetry mapping is commonly supplemented with conventional outcrop mapping data.



The photogrammetry technique has been widely used in mapping, monitoring, and evaluating the stability of rock mass in mining operations. Traditionally, it is difficult to survey and collect geological data from high walls in open pit mines. The geotechnical engineers and geologists must walk up to the high walls to physically capture data needed for high walls stability analysis and to plan for the optimal mineral extraction. The modern photogrammetry approach can provide engineers with a user-friendly tool for rapid data acquisition. It provides a remote geotechnical mapping of rock slopes without physical access to the rock mass. The photogrammetry method of data acquisition works perfectly with DFN modelling as it can provide large and spatially located geotechnical data sets required to produce the 3D representation of the surface. The technique permits the use a probabilistic method for evaluating kinematic stability and rock block size distributions [16]. Application of photogrammetry approach in open pit mine was presented by Patikova [78] where high-resolution aerial images with low flight altitude are taken for open pit mining purposes. High-speed computers equipped with photogrammetric software are used to generate the digital terrain modelling (DTM) of the mine for volume calculation, as shown in Figure 6a,b.



Moreover, Rogers [79] explained the application of the photogrammetric method to acquire fracture orientation for DFN modelling. The study stated the importance of photogrammetry in generating large, spatial geotechnical data sets required to produce a robust 3D modelling of the surface.



This approach produces large volumes of data, which makes it possible to develop DFN models for the actual fracture observation from the field for various geotechnical and geomechanical evaluations. This is one of the advantages of the photogrammetric approach in the DFN modelling process. The generation of the high density of data makes it possible for defining the effects of fracture properties on both the global and local DFN properties. Availability of technologies integrated with multiple sensors allows acquisition of fractures from mapping and photogrammetry approaches to produce exact fracture distribution of the mapped surface. The workflow for DFN model development from conditioned to actual mapping data is presented in Figure 7.



Likewise, the method has the potential to develop DFN models directly from photogrammetric surveys for evaluation of kinematic analysis from a structural description that accurately reflects the scanned location, providing a significant step forward in modelling capability. According to Rogers [79], the result of the analysis has the ability to make a sound decision on underground excavation techniques and ground support designs as a result of the heterogeneity of the rock mass. However, several studies have also used the photogrammetric approach for DFN modelling in the underground mining environment. For instance, Grenon [8] used photogrammetry tools to provide input parameters for generating a series of DFN models at the Éléonore underground mine in Canada. Three images were taken from three rock faces (Amn-0354, Gmn-0354-1s, and Gmn-0357-1n) at the development stage. These images were used to construct the 3D numerical modelling of the rock mass with orientations of 88°/252°, 87°/185°, and 86°/161° for the Amn-0354, Gmn-0354-1s, and Gmn-0357-1n drifts, respectively. The availability of the data facilitates the calibration of the DFN models at the mine. Similarly, Rogers and Booth [16] used the photogrammetric method to provide input parameters required for the DFN of rock mass in a tunnel. The study explained that the instrument can generate 3D fracture models driven by the statistical structural data and conditioned to the features observed by the photogrammetry to yield a synthetic rock mass on which improved design methods can be applied. The application of the photogrammetric approach for DFN modelling in underground mines was recorded by Benton [80]. Photogrammetric surveys were carried out in the 54 ramps at the depth of 2.1 kilometres at the Lucky Friday mine to produce measurements to aid in the interpretation of measurements from conventional instruments.





4. Application of DFN Approach in Predicting Stability Analysis of Jointed Rock


DFN has been widely applied to study the stability of important engineering structures and utilities in jointed rocks at the surface, underground, small-scale, and large-scale. The areas of deployment of this tool include the stability of the fractured rock slope, coal seam longwall face stability, highway rock slope stability, high-level radioactive waste disposal wells, spent fuel reprocessing, hydrocarbon reservoirs, hydropower projects, and tunneling [1,81,82,83,84,85,86,87]. Table 3 provides a summary of DFN models developed for different engineering applications and structures. For each summarized area of application, the characteristics of the rock mass, model properties, figures, and drawbacks of the model were briefly discussed. Further explanation of the applications of the DFN model in these areas is provided in Section 5.




5. General Applications of DFNs


The DFNs have been extensively used in geoengineering projects such as mining operations, civil engineering projects, and the petroleum industry. The application of DFN modelling has become the most versatile, powerful, flexible, and useful tool for advanced engineering analysis that requires the evaluation of fracture geometry in jointed rock masses. It becomes valuable in projects where the fracture network controls the behaviour of the system, such as in stability analysis of a jointed rock mass in a mining rock slope, excavation stability in fractured rock, petroleum cracking, and hydrocarbon and groundwater flow. Alghalandis [13] argued that it is important to establish and analyze the rock mass response, interaction, and complexity of the fracture networks. The outcome of the evaluations will assist in making a sound judgement on the design that will guarantee safety and enhance productivity. Over the last decades, a great number of studies have extensively used DFN modelling as a solution in various engineering projects. Some of the general applications of DFN modelling are described in the next subsections.



5.1. Stability Analysis in Mining Operations


DFN models are widely used in both open pit and underground mining environments. The DFN serves as a tool for modelling the fracture geometry of a rock mass that can influence the stability of high walls in underground and bench configuration in open pit mines. Modelling rock mass structures has been a challenge due to the variability of material properties and uncertainty [88]. The observed variability in material properties is significant because it influences performance in engineering applications [89]. Despite the variation in material properties of the ground, the DFN produces a 3D representation of the rock mass that is captured during data collection. DFN technology poses advantages over other conventional tools in the area of key block stability. The tools can evaluate the fracture system, rock wedge formation, and monitor the deviation of excavation when compared with the actual design. The technology can also be used as a risk assessment tool for geotechnical engineers and geologists in underground stability assessment [79].



In an open pit mining operation, the DFN computer tools were used to create the 3D representation of rock mass structure from statistical distribution. The software integrates fracture data input such as the fracture length, height, spacing, orientation, and aperture to generate a discrete fracture network, compartment and fluid migration pathway analysis, and visualization. The software includes FracMan, SiroModel, FracSim, Alghalandis Discrete Fracture Network (ADFNE), PFLOTRAN, DFNFLOW, DFNSIM, FRANEP, SDFN, MOFRAC, and HATCHFRAC. Kuppusamy [88] used FracMan to generate the bench scale DFN model using a geometric network construction approach from an open pit phosphate-bearing ore mine located in Limpopo province in South Africa. Both scanline and window mapping surveys were conducted across various lithological units. The discontinuity type, persistence, material infilling, joint roughness, termination index aperture, rock type, and groundwater condition were recorded from the scanline while the photogrammetry technique generated the digital map structure where the areas were inaccessible or too dangerous to complete physical mapping surveys. The result of the digitally mapped area of the outcrop is presented in Figure 8 from terrestrial laser scanner point cloud data. Style [90] used the DFMN model to provide stress paths that described the instability of a large slope. The outcome of the study showed that the variation in the mass strength between different fracture orientations has a greater influence on the DFN mass strength in low-strain environments. Foster [91] applied the DFN approach to investigate the hydrological significance and its impact around the open pit. Both DFN technology and the conventional approach of limit equilibrium analysis (LEA) were used to design a bench face slope in an open pit mine by [92,93]. In the study, the strength of the approach lies in the ability of the DFN to adequately capture the characteristics of the rock mass. Similarly, Bonilla-Sierra [94] used the combination of DFN technology and the discrete element method (DEM) to examine and predict unstable wedges and high walls in open pit mines. In the DFN models, the areas that are prone to failures are highlighted. Rogers [95] applied the DFN model to evaluate the volume of unstable material that occurred as a result of three different closure options that led to the formation of key blocks, which was the source of instability at the Chuquicamata open pit mine in Chile. Similarly, Kong [96] used the combination of a 3D terrestrial laser scanner and UAV photogrammetry to identify and measure the fracture properties in a rock mass based on the multi-source fusion of point clouds shown in Figure 8.



Most underground mine applications of DFN models are used in the area of evaluating the stability of underground excavation. DFNs are used to examine the direction and extent of fragmentation in mining operations [97]. More accurate geometric models of in situ fracturing can be developed, and the result of the modelling can serve as an integral tool for advanced geomechanical simulations. The in situ stress conditions of the ground have a greater influence on the stability of an underground excavation. The DFN can be used to describe the in situ fragmentation of the ground conditions. Similarly, Junkin [98] used the DFN approach to derive fracture geometry for a rock engineering system (RES) for an interaction matrix. The study incorporated the fracture geometry from the DFN into the RES framework for blast fragmentation modelling. In massive ore bodies, a hybrid DFN and block caving fragmentation (BCF) was applied to assess fragmentation in block caving projects and mines [99]. Xiao [100] constructed a drift of 40.32 m with a 3D high point cloud data of Jianshan Underground Mine in Panzhihua, Sichuan, China, shown in Figure 9. The result of the point cloud data can be used to make a sound decision on the stability analysis of the mine by importing it on DFN codes.



Similarly, Graaf [101] applied the DFN approach to accurately generate the 3D fracture network geometry of the Callie underground gold mine, which is used to develop a guideline to assist geotechnical engineers to know the variability and how the rock mass will behave under different loading conditions.



Moreover, the DFN can be used as a tool to determine the block size and volume of the unstable key block during underground excavation. The key blocks are formed as a result of the intersection of joints. In a study by Starzec and Tsang [102], they applied probabilistic calculations of unstable blocks around a circular tunnel to develop a relationship between the volume of blocks and fracture spacing and fracture intersection density. The study applied the volumetric feature intersection density as a means of quantifying the effect of feature parameter estimates on block prediction. In another application in the underground mining environment, Rogers [79] used the DFN approach with photogrammetric data to examine rock mass movement in an underground excavation. Elmo [103] used the DFN approach to simulate rock mass behaviour and combine the effects of intact rock fracturing and failure occurring along the natural fractures. The approach entails the use of synthetic rock mass (SRM) modelling where the DFN serves as one of the three components of SRM. Esmaieli and Hadjigeorgiou [104] conducted synthetic rock masses of the four-rock mass domain which was developed in the DFN to investigate the influence-induced damage from the transiting material in a Canadian underground mine. Harthong [105] used a coupled DEM-DFN approach to characterize the influence of the clustering and size distribution of pre-existing fractures on the strength of fractured rock masses. The DFN was used to control water inflow into underground excavations during and after construction [106]. Water ingress influences the stability of underground excavation and can cause adverse environmental impacts, which can in turn influence the project schedule. The DFN was used to examine the possibility of water inflow into the underground excavation in heterogeneous fractured rock. Likewise, Li [107] used the DFN to investigate the impact of water seepage on the surrounding strata of the shaft, that is, the effects of pore pressure and water inflow on the shaft pillar stability. DFNs have been widely used in mining operations. Most especially in the area of stability analysis, the effect of water ingression and pore pressure on strata control, underground water flow in deep level mines, rock mass characterization, and slope stability in open pit mines.




5.2. Application of DFN in Petroleum Industry


DFNs have been extensively used in the petroleum industry to generate the stochastic realization of the fracture network. In oil and gas production, the description of the reservoir fracture network is one of the parameters to be considered in reservoir geomechanics and production performance evaluation. The data acquisition mode in the petroleum industry for the DFN is different from that of solid minerals. During oil and gas production, data are collected from wireline logs, convention cores, small drilling mud loss analysis, and field-scale observation from outcrop analogue inspection [108]. Fracture data such as types, orientation, distribution, and properties are used in generating the stochastic model of the fracture reservoir.



However, the DFN model is used in prediction flow characteristics, which is a robust parameter in defining the dynamic performance of a naturally fractured reservoir (NFR). In Karatalov’s [109] study, the work presents applications of fracture characterization parameters such as fracture length, aperture, and intensity to carry out sensitivity analysis of NFR modelling. The outcome of the study showed that the top three parameters of the fracture network are prioritized in the following order: fracture aperture, upscaling method, and fracture intensity. Likewise, Mahmoodpour [110] applied the DFN approach to mimic the reservoir permeability. Based on the acquired field data, a stochastic DFN was developed to evaluate the permeability behaviour of the reservoir. The simulation showed that a large number of fractures are involved in the stochastic model, and equivalent permeability fields are calculated to create a model which is computationally feasible. Similarly, Gentier [111] developed models based on a realistic fracture network from hydraulic systems to simulate the fluid flow that takes place within the fracture. A DFN model was built from the data collected from well imagery and estimation of fracture density using the Fisher distribution approach with the four major fractures set that constitute the reservoir. To develop an effective and efficient shale natural gas well, the designer or engineer must have a clear understanding of the role of natural fractures in shale gas production. In most cases, DFNs are applied in the area of hydraulic fracturing of the rock formation to stimulate the flow of oil and gas into the wellbore. This hydraulic fracturing approach has been in use for over 60 years and has promoted the shale gas boom in the past decade [112]. The primary purpose of the hydraulic fracturing approach is to increase the oil and gas yield in the well. This is carried out by injecting large quantities of fluid (chemical additives, water, or proppant) at high pressure into the targeted rock formation. Several studies have proven that hydraulic fracturing causes an increment in oil and gas production. Viegas [113] applied the DFN to provide a detailed analysis to highlight fluid flow paths and proppant placement in a shale reservoir. The method was used to calculate both static and dynamic parameters such as the fracture plane orientation, moment tensor, seismic efficiency, radiated energy, slip direction, and dynamic and static stress drop. Likewise, Zhang [112] used the DFN model to investigate four different shear deformation mechanisms. Similarly, Wang [114] used the DFN to model a unified shale gas reservoir to examine how each mechanism influences shale gas production and the corresponding rate transient behaviour. In the event of a tight reservoir, the flow in a fracture obeys a different pattern. Wang [115] applied an open-source numerical code (ShOpen) which comprises stochastic fracture modelling, multi-continuum modelling, and discrete fracture models for simulations of unconventional gas reservoirs. The numerical code can measure the fluid flow, absorption, transport, and indirect hydromechanical coupling in unconventional fracture reservoirs, as shown in Figure 10.



Furthermore, the DFN is also applicable in geothermal projects. The understanding of fracture characteristics and properties is essential for effective geothermal reservoir management. A geothermal reservoir is a natural underground source of geothermal energy, typically consisting of hot water or steam often located near tectonic plate boundaries, where there is a high level of geothermal activity or in areas with a high concentration of volcanic activity. These reservoirs are formed when water seeps into the ground and is heated by the Earth’s internal heat, whose temperature and pressure are dependent on the depth and geology of the area. Geothermal reservoirs are typically found at depths of a few hundred metres to several kilometres below the Earth’s surface. Mahmoodpour [116] employed a DFN for modelling a reservoir and wellbore to simulate hydraulic and thermal processes involved in the geothermal energy extraction operation at Soultz Sous Forêts, France, with the aim to possibly extract higher amounts of geothermal energy from the existing industrial infrastructure. The validated hydro-thermal operational data were used for a numerical model to simulate the geothermal energy extraction operation for 3 years as a basis for the two operational scenarios for 100 years using four different injection wellhead temperatures of 70, 60, 50, and 40 °C. Mahmoodpour [116] asserted the feasibility of 100 years of geothermal energy extraction operation at Soultz-sous-Forêts with sufficient high-production temperature throughout the operation’s duration.



Reservoir flow modelling technology was used to assign a constant heat flux at the bottom of the boundary of the domain while all boundaries were defined as no flow for both fluid and heat transmission. Discrete fractures within the domain were regarded as internal boundaries, implicitly considering the mass and energy exchange between the porous media and fractures or fault zones while the diameter of the injection well is represented by a line for simplicity. One of the earlier applications of the DFN in geothermal projects was recorded by Tester [117] to replicate the reservoir permeability behaviour. The outcome of their study stated the importance of creating a connected network of pathways between the injection well and production in a petrothermal system that lacks sufficient natural fluid flow and permeability for flow rates required for economic geothermal systems. These reservoirs’ enhancement was achieved by creating new fractures or simulating naturally existing ones to achieve the permeabilities needed for economical fluid flow.



In a study by Aydin and Akin [118], the DFN model was used to create the fracture geometry, conductivity, and connectivity and to construct fracture networks that were instrumental to the characterization of the Alaşehir geothermal reservoir which is comprised of highly fractured marble and schist. Other fracture parameters that were considered in the fracture modelling include fracture permeability, aperture intensity, and fracture radius. Jambayev [119] constructed a DFN model for a free well section of naturally fractured “Field X” to improve reservoir characterization and to accurately predict the flow rate for the carbonate reservoir. Several researchers have performed fluid flow calculations by upscaling the DFN to an effective continuum model [120].




5.3. Application of DFNs in Tunnels and Underground Construction Works


DFNs are widely used in civil engineering projects such as tunnels, shaft sinking projects, and the construction of roads. A basic understanding of how fractures are distributed on a rock mass is important during the construction of underground projects, that is, the formation of key blocks and shape and size characterization are the fundamental properties and parameters to be considered in the engineering analysis of fractured ground. Although, for robust design, the strength of the rock mass, deformability properties, and permeability behaviour of such ground are also put into consideration. Moreover, the stress field conditions can also influence the stability of the tunnels and underground constructions. These parameters and point cloud data from laser scanners during field observation are used to develop a DFN model which highlights the area that needs a support system. It also provides tools to evaluate the stability of grounds around the excavation area, as the DFN would generate a model that represents the fracture geometry.



However, the application of DFN models in a tunnel is carried out by acquiring data from joint surfaces to create digital sections of the mapped area. The common method used to extract the plane orientation data and to determine the dominant joint sets from identified discontinuity planes is the use of polyworks [121]. The approach states the statistical sample of the joint dip and directions value can serve as input parameters for numerical modelling computer packages such as Dips from Rocscience. The exported data from the polyworks contain the original coordinates of the tunnel, which may not be linear but contain irregular geometry. The DFN technique has been applied by various researchers to solve geomechanical problems in civil engineering and stability analysis of underground construction projects. In Cacciari and Futai’s [121] study, a computational approach for generating single and continuous DFNs was developed and applied to 324m of Monte Seco tunnel with foliated gneiss formation from Nova Venecia complex in Brazil. The result confirmed that it is possible to evaluate the variability of P32 (volumetric intensity). Notably, the variability of rock face orientations in the tunnel was considered by comparing the P32 results and taking the highest value as a reference for each tunnel sect. In Wang’s [122] study, a larger convergence area was obtained in the circular opening model due to the effect of the fracture sets. Similar fracture patterns observed around openings with structural planes are shown in Figure 11. The DFN models created were able to provide a comprehensive overview of the rock mass behaviour which is used in predicting the stability and mechanical response of the ground condition to discontinuities present. The authors used a novel rough discrete fracture network (RDFN) characterization method based on the Fourier transform method. The outcome of the numerical simulation of the anisotropic mechanical properties was performed for the RDFN model with a complex joint network. Based on the results, the geometry of the joint network has a significant influence on the strength and failure patterns of jointed rock masses.



Similarly, Ioannis [123] used a hybrid approach of both deterministic and statistical techniques to generate a DFN based on available data to simulate the rock mass behaviour and stability analysis of the Brockville tunnel in Ontario, Canada. Data from laser scanning data were used as input parameters in Morfa DFN software to construct the specific tunnel site.




5.4. Application of DFNs for Underground Flow Prediction


The presence of fractures plays an important role in the flow of fluid through the rock masses. The interconnected fracture network influences the channel flow which was developed through the conductivity of existing fractures or by new growth that connects existing fractures. The DFNs are used in modelling flow and fluid movement in the subsurface. The model is developed to simulate the movement of flow underground structures through interconnected fractures. This approach has been widely used in geoscience and engineering to control the movement of fluids such as in groundwater management, geothermal energy extraction (Saliu and Komolafe [124]), the aquifer recovery process, hydrocarbon extraction, carbon sequestration, and radioactive and toxic industrial waste [125]. Primary factors affecting groundwater flow include fracture density, fracture orientation, aperture width, and the rock matrix. According to Bordas [126], the fracture density and the fracture orientation are the most important parameters that define the interconnectivity of a fracture set, which are the contributing features of the hydraulic conductivity of a fractured rock mass. Moreover, this serves as vital input parameters for simulating the 3D representation of the subsurface fracture geometry. The fracture model created by the DFN describes the flow of the substance using data collected to characterize the fractures that influence the transportation and free flow of the substance. The main challenge of using the DFN for underground flow simulation has been the choice to include a detailed geometrical representation of the fracture and their respective fracture connectivity that is used in the predictive simulations of fluid flow in fractured rock. This makes it difficult to design an efficient and scalable workflow. If a well-defined fracture geometry of the rock mass can be acquired, the 3D representation of the subsurface fracture network can be determined. Moreover, the in situ stress and change in stresses of the rock mass have a significant influence on the flow, as this will cause changes in pore pressures within the rock mass.



Moreover, another common application of the DFN in underground flow is the evaluation of contaminated water-bearing rock. Contamination of groundwater flows occurs majorly at abandoned sites (Saliu and Komolafe [124]), where the fluid flows and where most contaminated mass flow occupies the much lower permeability matrix block between fractures [127]. The contamination of the fracture takes place when contaminated substances diffuse from the fracture where active groundwater flows occur into the permeability rock matrix. In traditional methods of investigating contamination, the rock matrix is disregarded as most of the fracture’s active flows are ignored. The lack of data from borehole core sample contamination data makes it difficult for the conventional approaches to characterize the plume in a fractured rock mass. On the other hand, the DFN approach makes use of data from core rock samples from the subsurface to delineate the diffusion of contaminants on the fracture network. According to Parker [128], the application of the DFN method in this event is designed specifically for sedimentary formation, although it can work for all other rock types but must be adjusted to suit the nature of the matrix porosity, absorption rate, contaminant type, and time for diffusion.




5.5. DFN Application in the Classification of Rock Mass


The classification of rock mass is important for any engineering design The understanding of rock classification improves the quality of geoengineering designs as the geotechnical engineer will be provided with quality design input parameters [129,130,131], that is, the fundamental understanding of geological, structural, and mechanical classifications of the rock mass is required at the planning stage of excavation in mining and civil engineering projects. The classification properties of the rock material and the joint properties should be considered in the design. The result of the rock mass classification enables better engineering judgement most especially in underground construction when the subsurface fractures are not known. The absence of a true 3D representation of subsurface fracture geometry might be a challenge. The better the understanding of the fracture geometry of the rock mass, in quantifiable terms, the less the variability that needs to be considered in the input parameters for the classification. The DFN has the potential to describe the 3D representation of fracture geometry located in a rock mass in the subsurface, that is, the DFN model defines the geometrical properties of an individual fracture and its topographical relationship with the geological structure. For instance, a tunnel with a certain rock mass with a widely spaced geological structure may be unaffected by the structure, but the behaviour of an open stope in the same rock mass may be influenced by the jointed rock mass condition and major structural features such as faults.



The DFN arises to be an interesting tool in classifying rock mass structures. The data can be collected from the borehole core samples to produce the in situ fracture network. Since the DFN model can generate the in situ conditions of the subsurface rock mass, it is therefore important to continually update the DFN geometry as the excavation advances. The DFN approach has been widely used to simulate the classification of the rock mass. The method applies statistical and spatial measurement to examine the rock properties that determine the behaviour of the rock mass. The aim of the fracture geometry classification by DFN is to provide some geotechnical information that could be used for satisfactory planning and mining of safe excavations. It is critical to understand the variation in the properties of the rock mass, most especially in a deep underground mine where the properties of the rock mass change with depth. For instance, the DFN model can highlight the strength variation in rock mass from a small and strong intact specimen to a relatively intense fracture large slope [90].





6. Challenges of Using DFNs


DFNs have in recent times proved to be one of the veritable tools employed for geomechanical analysis for solutions in mining, geotechnical engineering, borehole mapping, and various applications in petroleum industries. Despite its versatility, there are still some limitations and challenges to the integration of complexities encountered in rock masses within DFN models. The inherent occurrence of geological discontinuities, such as joints, faults, shear zones, schistosity planes, and bedding planes [131], complicates the failure process observed during laboratory-scale experiments in comparison to the failure within the rock mass. As a result of these intrinsic uncertainties, the application of numerical modelling to the analysis of rock engineering problems poses a challenging task due to these discontinuities [132].



Most often, homogenization models are not a true representation of the real rock masses. For instance, in an underground cavern’s rock mass deformation and failure analysis performed with a numerical tool for a blocky jointed rock mass, some pseudo-DFN models generated to simulate the joints in the rock mass explicitly having multiple joint sets, and many loose blocks are formed at the excavation boundary, making the cavern unstable; hence, the model does not converge. To stabilize the jointed model, supports are installed at the same stage as the excavation. This will underestimate the support capacity of the bolts and liners; hence, low deformation can be seen on the excavation boundary as expected in reality. As the k ratio increases, the induced stress on the crown pillar increases, creating a large deformation along the roof and floor. Martin [132] attested that 2D elastic analysis does not account for the effects of stress redistribution as failure progresses, which may be a result of discontinuities coupled with the kinematic constraints on the deformation and failure modes of structures in rocks [133] and causes stress and displacement redistributions to sensibly deviate from linear elastic, homogenous conditions [134]. Moreover, in all the model simulations, the maximum total displacement of the jointed model is always higher; hence, more robust support systems are required to stabilize the cavern along with the real-time stress and load monitoring in the field. It is therefore imperative to find a proper set of working plans and sections where a “creative thinking” process was applied, and geological and geotechnical concepts are tested prior to computerization [135].



Karimi and Elmo [136] stressed the need to improve engineering designs by integrating DFN numerical models within the geomechanical codes. There are challenges in coherently optimizing fractures in 3D and traces in 2D of the initially generated DFN models to minimize meshing issues while preserving the appropriate model’s properties. The reliance on mesh sizes in continuum and discontinuum modelling methods dictates the mode and the types of failure mechanisms that are visible for capturing, and this must also be considered in the selection of the required input material parameters, which would depend on the degree of simplification adopted when building the model and the choice of a continuum or discontinuum model [137]. This limitation may occur due to inappropriate consideration of the subsequent mesh generation routines that are necessary for geomechanical simulation [138]. Considering the geometrical complexities of DFN conceptualization arising from many discontinuities intersecting with each other, there must be a compromise between mesh quality and the minimum element size, and this largely depends on the experience of the user for correct interpretations of how to correct or modify some specific discontinuities.



Of paramount interest to mining engineers in underground mine design is pillar strength, and this largely depend on the determination of rock mass strength with precision [55]. A more realistic depiction of the discrete fracture systems is required to accurately simulate the mechanical behaviour of mine pillars by numerical modelling [139]. There are challenges which may arise as a result of inadequate estimation and classification of the rock mass damage as a function of natural fracture network and loading conditions [135]. The accuracy and the inclusion of an impact of block to structural damage with respect to the initial block may not be properly accounted for as dilation in some models. Traditionally, there is an assumption that blocks are orthogonal, having mean volume, but the dissimilarity in joint conditions such as spacing, infillings, and orientation in the natural rock mass makes it rare to have an orthogonal block shape [140]. Effectively obtaining the size, shape, and other relevant block information of the exact blocks contributing to the structural damage is needed to define the relationship between the structure-damaging blocks and their parent blocks at the initial timestep for better investigation [135].




7. Summary and Conclusions


Fracture networks play a pivotal role in the quest to harness the critical minerals within the Earth system, hence the development of the DFN using various data-capturing methodologies and different computer programming codes for numerical modelling to enhance safe, smooth, economical, and sustainable exploitation of such minerals. The authors logically reviewed the recent advances in conceptualization of the DFN and its various engineering applications in the areas of mining, geotechnical engineering, borehole mapping, and petroleum industries.



The concept of the DFN model hinges on creating networks that replicate the major structure of the mapped rock mass using the data acquired during the site investigation while considering the geological structure of the site, the scale, and the purpose of modelling. The authors classified these data into fracture orientation, intensity, spatial location, and fracture size. The statistical method and probability distribution approach based on the principle of the von-Mises for 2D and the Fisher distribution and uniform distribution for 3D are used to represent fracture orientation (attitude of a discontinuity in space which measures the dip and the dip direction of the joints) using the data emanating from the outcrop measurement or well logging. Fracture intensity, which is the surface area of discontinuities per unit volume, plays an important role in determining the mechanical properties and hydraulic conductivity of a discontinuous rock mass, and this can be quantitatively determined by fracture tensor. The size and length of fractures in the DFN model, which are used to characterize fluid flow in fractured rock masses, were quantified by empirical and back analysis approaches before the advent of some modern advances in DFN modellings were developed to ease the process of delineating fracture size and length.



It has been established that the quality of the input data determines the outcome of the fracture network. The acquisition of a huge amount of data within a short period of time by modern data-capturing technologies has tremendously improved the solutions provided by DFN models for various applications. Besides the accuracy of the huge data captured, the advent of these cutting-edge technologies has brought about the introduction of digital mapping instruments such as the terrestrial laser scanner, borehole televiewers, and photogrammetry, which can generate high-density 3D point cloud data from rock surface mapping.



The institution of a DFN as solutions to many challenges, which in the past were unsurmountable in the mineral industries, has become one of the major technological innovations in recent times. Its versatility and flexibility made it a useful tool for advanced engineering analysis that requires the evaluation of fracture geometry in jointed rock masses. Its application in mining includes but is not limited to the stability of the fractured rock slope, coal seam longwall face, underground excavation, and investigating the possibility of water inflow into the underground excavation in heterogeneous fractured rock. In the petroleum industries, the DFN is applied in the area of hydraulic fracturing of the rock formation to stimulate the flow of oil and gas into the wellbore and to accurately predict the flow rate for the carbonate reservoir. The DFN also finds its wide expression in the civil engineering projects such as tunnels, shaft sinking projects, rock slope stability along highways, and the construction of roads. Ultimately, these applications are hinged on the accuracy of the rock mass characterization using the DFN models. The result of the rock mass classification enables better engineering judgement, most especially in underground constructions when the subsurface discontinuities are not known.



Despite the versatility of the DFN, there are still some limitations and challenges to the integration of complexities encountered in rock masses within DFN models. It cannot be convincingly said, however, that a model is a perfect imitation of reality, particularly at the initial stage when data availability is limited. For instance, forward modelling results cannot be said to be calibrated and validated at the prefeasibility or feasibility stage if the final shape of the stopes or caverns remains unknown. One of the greatest modelling challenges in caving geomechanics is the ability to develop a 3D caving model capable of incorporating fracture mechanics principles and other failure mechanisms to explicitly simulate fragmentation processes at the level required to depict secondary fragmentation while also maintaining a detailed representation of the rock mass structural physiognomies and replications of preconditioning scenarios [137].



The quest for valuable mineral resources to satisfy human wants, especially those identified in critical minerals lists for sustainable and economic success, has given rise to technological development in the mining industry. It is therefore necessary to develop technologies that can extract complex ore bodies with lower grade, at deeper depth, and sometimes in the challenging geological formation which necessitates the extension of life of the mine. These feats are made possible by the improvement of DFN models and their proper applications.







Author Contributions


Conceptualization and Manuscript Writing, P.K.; Manuscript Writing and Editing, N.O.O.; Review and Manuscript Editing, P.M.; Manuscript Administration, D.A.; Conceptualization and Manuscript Writing, K.K.; Manuscript Editing, A.G.-B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lei, Q.; Latham, J.-P.; Tsang, C.-F. The use of discrete fracture networks for modelling coupled geomechanical and hydrological behaviour of fractured rocks. Comput. Geotech. 2017, 85, 151–176. [Google Scholar] [CrossRef]

	



Stephens, M.B.; Follin, S.; Petersson, J.; Isaksson, H.; Juhlin, C.; Simeonov, A. Review of the deterministic modelling of deformation zones and fracture domains at the site proposed for a spent nuclear fuel repository, Sweden, and consequences of structural anisotropy. Tectonophysics 2015, 653, 68–94. [Google Scholar] [CrossRef]

	



Le Goc, R.; Darcel, C.; Davy, P. Advanced DFN Models from Multi-Support Data for Underground Facilities. Procedia Eng. 2017, 191, 1015–1022. [Google Scholar] [CrossRef]

	



Davy, P.; Darcel, C.; Le Goc, R.; Munier, R.; Selroos, J.; Mas Ivars, D. DFN, why, how and what for, concepts, theories and issues. In Proceedings of the Seattle, Washington, USA, 2nd International Discrete Fracture Network Engineering Conference, Seattle, WA, USA, 20–22 June 2018. [Google Scholar]

	



Adepitan, R.O.; Owolabi, A.; Komolafe, K. Prediction of structural response to blast–induced vibration in Kopek Construction Quarry, Ikere–Ekiti, Ekiti State, Nigeria. Int. J. Environ. Stud. 2018, 75, 990–999. [Google Scholar] [CrossRef]

	



Esmailzadeh, A.; Kamali, A.; Shahriar, K.; Mikaeil, R. Connectivity and Flowrate Estimation of Discrete Fracture Network Using Artificial Neural Network. J. Soft Comput. Civ. Eng. 2018, 2, 13–26. [Google Scholar] [CrossRef]

	



Xu, C.; Dowd, P. A new computer code for discrete fracture network modelling. Comput. Geosci. 2010, 36, 292–301. [Google Scholar] [CrossRef]

	



Grenon, M.; Landry, A.; Hadjigeorgiou, J.; Lajoie, P. Discrete fracture network based drift stability at the Éléonore mine. Min. Technol. 2016, 126, 22–33. [Google Scholar] [CrossRef]

	



Huang, N.; Liu, R.; Jiang, Y.; Cheng, Y. Development and application of three-dimensional discrete fracture network modeling approach for fluid flow in fractured rock masses. J. Nat. Gas Sci. Eng. 2021, 91, 103957. [Google Scholar] [CrossRef]

	



Miyoshi, T.; Elmo, D.; Rogers, S. Influence of data analysis when exploiting DFN model representation in the application of rock mass classification systems. J. Rock Mech. Geotech. Eng. 2018, 10, 1046–1062. [Google Scholar] [CrossRef]

	



Jing, L.; Stephannson, O. Fundamentals of Discrete Element Methods for Rock Engineering: Theory and Applications, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2007. [Google Scholar]

	



Weir, F.; Fowler, M. An Introduction to Discrete Fracture Network Modelling and its Geotechnical Applications. In Proceedings of the AUSROCK 2014: Third Australasian Ground Control in Mining Conference, Sydney, NSW, Australia, 5–6 November 2014. [Google Scholar]

	



Alghalandis, Y.; Elmo, D.; Eberhardt, E. Similarity analysis of discrete fracture networks. arXiv 2017, arXiv:1711.05257. Available online: https://arxiv.org/pdf/1711.05257. (accessed on 24 August 2022).

	



Elmo, D.; Liu, Y.; Rogers, S. Principles of discrete fracture network modelling for geotechnical applications. In Proceedings of the 1st Conference on International Discrete Fracture Network Engineering, Vancouver, BC, Canada, 20 June 2018. [Google Scholar]

	



Elmo, D.; Eberhardt, E.; Stead, D.; Rogers, S. Discrete Fracture Network Modelling—Importance of Accounting for Data Uncertainty and Variability. In Proceedings of the Seventh International Conference & Exhibition on Mass Mining (MassMin 2016), Sydney, Australia, 17–19 September 2016. [Google Scholar]

	



Rogers, S.; Booth, P.W.; Brzovic, A. Integrated Photogrammetry and Discrete Fracture Network Modelling for Improved Rock Mass Characterization and Engineering Design. In Proceedings of the 15th Australasian Tunnelling Conference, Sydney, NSW, Australia, 17–19 September 2014. [Google Scholar]

	



Zhang, W.; Lan, Z.; Ma, Z.; Tan, C.; Que, J.; Wang, F.; Cao, C. Determination of statistical discontinuity persistence for a rock mass characterized by non-persistent fractures. Int. J. Rock Mech. Min. Sci. 2019, 126, 104177. [Google Scholar] [CrossRef]

	



Mathis, J.I. To DFN or not DFN—A question of circumstances. In Proceedings of the DFNE 2014, Vancouver, BC, Canada, 20–22 October 2014. [Google Scholar]

	



Shariff, L.; Elmo, D.; Stead, D. Dfncleaner: A Novel Automated Approach To Improve DFN Integration for Geomechanical Analysis. In Proceedings of the 2nd International Discrete Fracture Network Engineering Conference, Seattle, WA, USA, 19–21 June 2018. [Google Scholar]

	



Shevko, N.; Shaislamov, V.; Savelev, O. Application of Hybrid DPDP-DFN Modeling of Fractured Carbonate Reservoirs. In Proceedings of the SPE Russian Petroleum Technology Conference, Moscow, Russia, 22 October 2019. [Google Scholar]

	



Brenner, K.; Hennicker, J.; Masson, R.; Samier, P. Hybrid Dimensional Modelling and Discretization of Two Phase Darcy Flow through DFN in Porous Media. In Proceedings of the 15th European Conference on the Mathematics of Oil Recovery, Amsterdam, The Netherlands, 15–17 August 2016. [Google Scholar] [CrossRef]

	



Altundas, B.; Chugunov, N.; Corbett, L.; Brown, A.; Smith, V.; Thachaparambil, M.; Eliseeva, E.; Elghanduri, K.; Hartman, T.; Will, B.; et al. A Hybrid DFN with Elastic Properties to Construct a Seismic Forward Model. In Proceedings of the 15th European Conference on the Mathematics of Oil Recovery, Amsterdam, The Netherlands, 15–17 August 2016. [Google Scholar] [CrossRef]

	



Hyman, J.D.; Karra, S.; Makedonska, N.; Gable, C.W.; Painter, S.L.; Viswanathan, H.S. dfnWorks: A discrete fracture network framework for modeling subsurface flow and transport. Comput. Geosci. 2015, 84, 10–19. [Google Scholar] [CrossRef]

	



Cheong, J.-Y.; Hamm, S.-Y.; Lim, D.-H.; Kim, S.-G. Hydraulic Parameter Generation Technique Using a Discrete Fracture Network with Bedrock Heterogeneity in Korea. Water 2017, 9, 937. [Google Scholar] [CrossRef]

	



Dershowitz, W.; La-Pointe, P.; Doe, T. Advances in Discrete Fracture Network Modeling. In Proceedings of the US EPA/NGWA Fractured Rock Conference, Cambridge, MA, USA, 8–9 November 2000. [Google Scholar]

	



Alghalandis, Y. Stochastic Modelling of Fractures in Rock Masses. Ph.D. Thesis, The University of Adelaide, Adelaide, Australia, 2014. [Google Scholar]

	



Komolafe, K.; Achuenu, I.; Joro, J.D. Effect of Tantalum on Coltan in Cassiterite Using Mathematical Modeling Approach with Respect to Gibbs Energy. Int. J. Sci. Technol. 2021, 9, 1–17. [Google Scholar]

	



Elmo, D.; Stead, D.; Rogers, S. Guidelines for the quantitative description of discontinuities for use in discrete fracture network modelling. In Proceedings of the International Society for Rock Mechanics and Rock Engineering, Montreal, QC, Canada, 13 May 2015. [Google Scholar]

	



Zhu, W.; Khirevich, S.; Patzek, T.W. HatchFrac: A Fast Open-Source DFN Modeling Software; King Abdullah University of Science and Technology: Thuwal, Saudi Arabia, 2021. [Google Scholar]

	



Tuckwell, G.; Lonergan, L.; Jolly, R. The control of stress history and flaw distribution on the evolution of polygonal fracture networks. J. Struct. Geol. 2003, 25, 1241–1250. [Google Scholar] [CrossRef]

	



Kemeny, J.; Post, R. Estimating three-dimensional rock discontinuity orientation from digital images of fracture traces. Comput. Geosci. 2003, 29, 65–77. [Google Scholar] [CrossRef]

	



Weismüller, C.; Prabhakaran, R.; Passchier, M.; Urai, J.L.; Bertotti, G.; Reicherter, K. Mapping the fracture network in the Lilstock pavement, Bristol Channel, UK: Manual versus automatic. Solid Earth 2020, 11, 1773–1802. [Google Scholar] [CrossRef]

	



Song, J.-J.; Lee, C.-I.; Seto, M. Stability analysis of rock blocks around a tunnel using a statistical joint modeling technique. Tunn. Undergr. Space Technol. 2001, 16, 341–351. [Google Scholar] [CrossRef]

	



Whitaker, A.E.; Engelder, T. Characterizing stress fields in the upper crust using joint orientation distributions. J. Struct. Geol. 2005, 27, 1778–1787. [Google Scholar] [CrossRef]

	



Staub, I.; Fredriksson, A.; Outters, N. Strategy for a Rock Mechanics; Svensk Kärnbränslehantering AB, Swedish Nuclear Fuel and Waste Management Co: Stockholm, Sweden, 2021. [Google Scholar]

	



Zhang, L.; Einsten, H. Estimating the intensity of rock discontinuities. Int. J. Rock Mech. Min. Sci. 2000, 37, 819–837. [Google Scholar] [CrossRef]

	



Lu, C.; Tien, Y.; Juang, C. Uncertainty of Fracture Intensity Measurement in Discontinuous Rock Masses—A Sampling Window Approach. In Proceedings of the 53rd U.S. Rock Mechanics/Geomechanics Symposium, New York, NY, USA, 20–22 June 2019. [Google Scholar]

	



Kasyanov, M. Continuum Model of Medium with Cracks. J. Eng. Mech. Div. 1980, 106, 1039–1051. [Google Scholar] [CrossRef]

	



Dershowitz, W.; Lee, G.; Geier, J.; Foxford, T.; La Pointe, P.; Thomas, A. User Documentation. FracMan, Interactive Discrete Data Analysis, Geometric Modeling, and Exploration Simulation, Version 2; Golder Associates Inc: Toronto, BC, Canada, 1998.

	



Berkowitz, B.; Adler, P.M. Stereological analysis of fracture network structure in geological formations. J. Geophys. Res. Earth Surf. 1998, 103, 15339–15360. [Google Scholar] [CrossRef]

	



Bour, O.; Davy, P. Connectivity of random fault networks following a power law fault length distribution. Water Resour. Res. 1997, 33, 1567–1583. [Google Scholar] [CrossRef]

	



Berkowitz, B. Analysis of fracture network connectivity using percolation theory. J. Int. Assoc. Math. Geol. 1995, 27, 467–483. [Google Scholar] [CrossRef]

	



Zhu, W.; Khirevich, S.; Patzek, T. Percolation Properties of Stochastic Fracture Networks in 2D and Outcrop Fracture Maps. In Proceedings of the 80th EAGE Conference and Exhibition, Copenhagen, Denmark, 10 June–15 July 2018. [Google Scholar]

	



Yue, G.; Wang, G.; Ma, F.; Zhu, X.; Zhang, H.; Zhou, J.; Na, J. Fracture Characteristics and Reservoir Inhomogeneity Prediction of the Gaoyuzhuang Formation in the Xiong’an New Area: Insights From a 3D Discrete Fracture Network Model. Front. Earth Sci. 2022, 10, 849361. [Google Scholar] [CrossRef]

	



Starzec, P.; Andersson, J. Probabilistic predictions regarding key blocks using stochastic discrete fracture networks—Example from a rock cavern in south-east Sweden. Bull. Eng. Geol. Environ. 2002, 61, 363–378. [Google Scholar] [CrossRef]

	



Li, M.; Han, S.; Zhou, S.; Zhang, Y. An Improved Computing Method for 3D Mechanical Connectivity Rates Based on a Polyhedral Simulation Model of Discrete Fracture Network in Rock Masses. Rock Mech. Rock Eng. 2018, 51, 1789–1800. [Google Scholar] [CrossRef]

	



Benedetto, M.F.; Berrone, S.; Scialò, S. A globally conforming method for solving flow in discrete fracture networks using the Virtual Element Method. Finite Elements Anal. Des. 2016, 109, 23–36. [Google Scholar] [CrossRef]

	



Ivanova, V.M.; Sousa, R.; Murrihy, B.; Einstein, H.H. Mathematical algorithm development and parametric studies with the GEOFRAC three-dimensional stochastic model of natural rock fracture systems. Comput. Geosci. 2014, 67, 100–109. [Google Scholar] [CrossRef]

	



Weiss, L. The Minor Structures of Deformed Rocks: A Photographic Atlas; Springer: Berlin, Germany, 1972. [Google Scholar]

	



Zhang, J.; Liu, R.; Yu, L.; Li, S.; Wang, X.; Liu, D. An Equivalent Pipe Network Modeling Approach for Characterizing Fluid Flow through Three-Dimensional Fracture Networks: Verification and Applications. Water 2022, 14, 1582. [Google Scholar] [CrossRef]

	



Liu, R.; Jiang, Y.; Li, B.; Wang, X. A fractal model for characterizing fluid flow in fractured rock masses based on randomly distributed rock fracture networks. Comput. Geotech. 2015, 65, 45–55. [Google Scholar] [CrossRef]

	



Schnabel, R.; Wahl, R.; Klein, R. Efficient RANSAC for point-cloud shape detection. In Proceedings of the 2007 Computer Graphics Forum, Warsaw, Poland, 17–20 August 2007; pp. 214–226. [Google Scholar] [CrossRef]

	



Zhang, L.; Einstein, H.H. Estimating the Mean Trace Length of Rock Discontinuities. Rock Mech. Rock Eng. 1998, 31, 217–235. [Google Scholar] [CrossRef]

	



Ovaskainen, N.; Nordbäck, N.; Skyttä, P.; Engström, J. A new subsampling methodology to optimize the characterization of two-dimensional bedrock fracture networks. J. Struct. Geol. 2022, 155, 104528. [Google Scholar] [CrossRef]

	



Kolapo, P. Investigating the Effects of Mechanical Properties of Rocks on Specific Energy and Penetration Rate of Borehole Drilling. Geotech. Geol. Eng. 2021, 39, 1715–1726. [Google Scholar] [CrossRef]

	



Kolapo, P.; Cawood, F. Factors to be considered in establishing a scanning laboratory for testing the accuracy of terrestrial laser scanning technologies. Int. J. Min. Miner. Eng. 2020, 11, 180–190. [Google Scholar] [CrossRef]

	



Cawood, F.; Yu, M.; Kolapo, P.; Qin, C. Development of a Laboratory for Testing the Accuracy of Terrestrial 3D Laser Scanning Technologies. Int. J. Georesources Environ. 2018, 4, 105–114. [Google Scholar] [CrossRef]

	



Tannant, D. Review of Photogrammetry-Based Techniques for Characterization and Hazard Assessment of Rock Faces. Int. J. Geohazards Environ. 2015, 9, 76–87. [Google Scholar] [CrossRef]

	



Birch, J.S. Using 3DM analyst mine mapping suite for rock face. In Proceedings of the Laser and Photo-Grammetric Methods for Rock Face Characterization Workshop, Minneapolis, MN, USA, 15–20 December 2006. [Google Scholar]

	



Haneberg, W.C. Using close range terrestrial digital photogrammetry for 3-D rock slope modeling and discontinuity mapping in the United States. Bull. Eng. Geol. Environ. 2008, 67, 457–469. [Google Scholar] [CrossRef]

	



Kemeny, J.; Turner, K.; Norton, B. LIDAR for Rock Mass Characterization: Hardware, Software, Accuracy and Best-Practices; Tonon, F., Kottenstette, J., Eds.; Laser and Photogrammetric Methods for Rock Face Characterization: Golden, CO, USA, 2006. [Google Scholar]

	



Sturzenegger, M.; Stead, D. Close-range terrestrial digital photogrammetry and terrestrial laser scanning for discon-tinuity characterization on rock cuts. Eng. Geol. 2009, 106, 163–182. [Google Scholar] [CrossRef]

	



Kolapo, P. Towards a Short-Range Laboratory for Testing the Accuracy of Terrestrial 3D Laser Scanning (TLS) Technologies. Master Thesis, University of Witwatersrand, Johannesburg, South Africa, 2019. [Google Scholar]

	



Zhang, K.; Wu, W.; Zhu, H.; Zhang, L.; Li, X.; Zhang, H. A modified method of discontinuity trace mapping using three-dimensional point clouds of rock mass surfaces. J. Rock Mech. Geotech. Eng. 2020, 12, 571–586. [Google Scholar] [CrossRef]

	



Ge, Y.; Tang, H.; Xia, D.; Wang, L.; Zhao, B.; Teaway, J.W.; Chen, H.; Zhou, T. Automated measurements of discontinuity geometric properties from a 3D-point cloud based on a modified region growing algorithm. Eng. Geol. 2018, 242, 44–54. [Google Scholar] [CrossRef]

	



Maerz, N.H.; Youssef, A.; Otoo, J.N.; Kassebaum, T.J.; Duan, Y. A Simple Method for Measuring Discontinuity Orientations from Terrestrial LIDAR Data. Environ. Eng. Geosci. 2013, 19, 185–194. [Google Scholar] [CrossRef]

	



Riquelme, A.J.; Abellan, A.; Tomás, R. Discontinuity spacing analysis in rock masses using 3D point clouds. Eng. Geol. 2015, 195, 185–195. [Google Scholar] [CrossRef]

	



Deweza, T.; Montaut, D.; Allanic, C.; Rohmer, J. FACETS: A CloudCompare plugin to extract geological planes from un-structured 3D point clouds. In Proceedings of the International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Prague, Czech Republic, 12–19 July 2016. [Google Scholar]

	



Ferrero, A.M.; Forlani, G.; Roncella, R.; Voyat, H.I. Advanced Geostructural Survey Methods Applied to Rock Mass Characterization. Rock Mech. Rock Eng. 2008, 42, 631–665. [Google Scholar] [CrossRef]

	



Gomes, R.K.; Oliveira, P.L.; Gonzaga, L.; Tognoli, M.W.; Veronez, M.R.; Souzab, K.D. An algorithm for automatic detection and orientation estimation of planar structures in LiDAR-scanned outcrops. Comput. Geosci. 2016, 90, 170–178. [Google Scholar] [CrossRef]

	



Guo, J.; Wu, L.; Zhang, M.; Liu, S.; Sun, X. Towards automatic discontinuity trace extraction from rock mass point cloud without triangulation. Int. J. Rock Mech. Min. Sci. 2018, 112, 226–237. [Google Scholar] [CrossRef]

	



Gigli, G.; Casagli, N. Semi-automatic extraction of rock mass structural data from high resolution LIDAR point clouds. Int. J. Rock Mech. Min. Sci. 2011, 48, 187–198. [Google Scholar] [CrossRef]

	



Vazaios, I.; Vlachopoulos, N.; Diederichs, M. DFN generation for Mechanical Stability Analysis of Underground Works. In Proceedings of the ITA WTC 2015 Congress and 41st General Assembly, Dubrovnik, Croatia, 22–28 May 2015. [Google Scholar]

	



Iglhaut, J.; Cabo, C.; Puliti, S.; Piermattei, L.; O’Connor, J.; Rosette, J. Structure from Motion Photogrammetry in Forestry: A Review. Curr. For. Rep. 2019, 5, 155–168. [Google Scholar] [CrossRef]

	



Jaroslaw, W. Research on Surveying Technology Applied for DTM Modelling and Volume Computation in Open pit Mines. Min. Sci. 2015, 22, 75–83. [Google Scholar]

	



Bemis, S.P.; Micklethwaite, S.; Turner, D.; James, M.R.; Akciz, S.; Thiele, S.T.; Bangash, H.A. Ground-based and UAV-Based photogrammetry: A multi-scale, high-resolution mapping tool for structural geology and paleoseismology. J. Struct. Geol. 2014, 69, 163–178. [Google Scholar] [CrossRef]

	



Patikova, A. Digital Photogrammetry in the practice of Open Pit Mining. The International Archives of the Photogrammetry. Remote Sens. Spat. Inf. Sci. 2004, 34, 1–4. [Google Scholar]

	



Rogers, S.; Bewick, R.; Brzovic, A.; Gaudreau, D. Integrating photogrammetry and discrete fracture network modelling for improved conditional simulation of underground wedge stability. In Proceedings of the Deep Mining 2017: Eighth International Conference on Deep and High Stress Mining, Perth, Australia, 3–6 March 2017. [Google Scholar]

	



Benton, D.J.; Seymour, J.B.; Boltz, M.S.; Raffaldi, M.J.; Finley, S.A. Photogrammetry in underground mining ground control-Lucky Friday mine case study. In Proceedings of the Deep Mining 2017: Eighth International Conference on Deep and High Stress Mining, Perth, Australia, 3–6 March 2017. [Google Scholar]

	



Li, X.; Liu, J.; Gong, W.; Xu, Y.; Bowa, V.M. A discrete fracture network based modeling scheme for analyzing the stability of highly fractured rock slope. Comput. Geotech. 2021, 141, 104558. [Google Scholar] [CrossRef]

	



Le, T.D.; Oh, J. Longwall face stability analysis from a discontinuum-Discrete Fracture Network modelling. Tunn. Undergr. Space Technol. 2022, 124, 104480. [Google Scholar] [CrossRef]

	



Singh, J.; Pradhan, S.P.; Singh, M.; Hruaikima, L. Control of structural damage on the rock mass characteristics and its influence on the rock slope stability along National Highway-07, Garhwal Himalaya, India: An ensemble of discrete fracture network (DFN) and distinct element method (DEM). Bull. Eng. Geol. Environ. 2022, 81, 1–23. [Google Scholar] [CrossRef]

	



Tóth, E.; Hrabovszki, E.; Schubert, F.; Tóth, T.M. Discrete fracture network (DFN) modelling of a high-level radio-active waste repository host rock and the effects on its hydrogeological behaviour. J. Struct. Geol. 2022, 156, 104556. [Google Scholar] [CrossRef]

	



Gao, X.; Zhang, Y.; Hu, J.; Huang, Y.; Liu, Q.; Zhou, J. Site-scale bedrock fracture modeling of a spent fuel reprocessing site based on borehole group in Northwest, China. Eng. Geol. 2022, 304, 106682. [Google Scholar] [CrossRef]

	



Zhu, W.; He, X.; Li, Y.; Lei, G.; Santoso, R.; Wang, M. Impacts of fracture properties on the formation and development of stimulated reservoir volume: A global sensitivity analysis. J. Pet. Sci. Eng. 2022, 217, 110852. [Google Scholar] [CrossRef]

	



Wu, N.; Liang, Z.; Zhang, Z.; Li, S.; Lang, Y. Development and verification of three-dimensional equivalent discrete fracture network modelling based on the finite element method. Eng. Geol. 2022, 306, 106759. [Google Scholar] [CrossRef]

	



Kuppusamy, V. Application of Discrete Fracture Networks (DFN’s) to the design. In Proceedings of the Evolution of Geotech—25 Years of Innovation, Virtual Conference. 20–21 April 2021. [Google Scholar]

	



Fesomade, K.I.; Alewi, D.D.; Seidu, S.O.; Saka, S.O.; Osuide, B.I.; Ebidame, G.C.; Ugoh, M.C.; Animasaun, D.O. The Effect of Palm Kernel Shell Ash on the Mechanical and Wear Properties of White Cast Iron. Adv. Technol. Mater. 2020, 45, 20–27. [Google Scholar] [CrossRef]

	



Styles, T.; Coggan, J.; Pine, R. Stability Analysis of a Large Fractured Rock Slope Using a DFN-Based. In Proceedings of the Slope Stability 2011: International Symposium on Rock Slope Stability in Open Pit Mining and Civil Engineering, Vancouver, BC, Canada, 18–21 September 2011. [Google Scholar]

	



Foster, S.; West, L.; Bottrell, S.; Hildyard, M. A DFN Approach to Evaluating the Hydrogeological Significance of Lithostatic Unloading in Fractured Strata Around Open-Pit Workings. In Proceedings of the 2nd International Discrete Fracture Network Engineering Conference, Seattle, WA, USA, 20–22 June 2018. [Google Scholar]

	



Grenon, M.; Hadjigeorgiou, J. Implications of DFN Model Selection in Open Pit Bench Stability Analyses. Boletín Geológicoy Minero 2020, 131, 387–400. [Google Scholar] [CrossRef]

	



Kolapo, P.; Oniyide, G.O.; Said, K.O.; Lawal, A.I.; Onifade, M.; Munemo, P. An Overview of Slope Failure in Mining Operations. Mining 2022, 2, 19. [Google Scholar] [CrossRef]

	



Bonilla-Sierra, V.; Elmouttie, M.; Donzé, F.-V.; Scholtès, L. Composite wedge failure using photogrammetric measurements and DFN-DEM modelling. J. Rock Mech. Geotech. Eng. 2017, 9, 41–53. [Google Scholar] [CrossRef]

	



Rogers, S.F.; Elmo, D.; Webb, G.; Moreno, C. DFN Modelling of Major Structural Instabilities in a Large Open Pit for End of Life Planning Purposes. In Proceedings of the 50th U.S. Rock Mechanics/Geomechanics Symposium, Houston, TX, USA, 5–8 June 2016. [Google Scholar]

	



Kong, X.; Xia, Y.; Wu, X.; Wang, Z.; Yang, K.; Yan, M.; Li, C.; Tai, H. Discontinuity Recognition and Information Extraction of High and Steep Cliff Rock Mass Based on Multi-Source Data Fusion. Appl. Sci. 2022, 12, 11258. [Google Scholar] [CrossRef]

	



Elmo, D.; Rogers, S.; Stead, D.; Eberhardt, E. Discrete Fracture Network approach to characterise rock mass fragmentation and implications for geomechanical upscaling. Min. Technol. 2014, 123, 149–161. [Google Scholar] [CrossRef]

	



Junkin, W.R.; Ben-Awuah, E.; Fava, L. Incorporating DFN Analysis in Rock Engineering Systems Blast Fragmentation Models. In Proceedings of the 53rd U.S. Rock Mechanics/Geomechanics Symposium, New York City, NY, USA, 20–25 June 2019. [Google Scholar]

	



Guajardo, C. Application of Discrete Fracture Network to Block Caving Fragmentation: A Hybrid Approach. 2019. Available online: https://www.srk.com/en/publications/application-of-discrete-fracture-network-to-block-caving-fragmentation-a-hybrid-approach (accessed on 19 August 2022).

	



Xiao, Y.; Yang, C.; Li, J.; Zhou, K.; Lin, Y.; Sun, G. Estimation of the Mean Trace Length of Discontinuities in an Underground Drift Using Laser Scanning Point Cloud Data. Sustainability 2022, 14, 15650. [Google Scholar] [CrossRef]

	



Graaf, J.; Doumis, K.; Rogers, S. Towards the Implementation of Discrete Fracture Network Modelling as a Geotechnical Design Tool—Case Study of Callie Underground Mine. In Proceedings of the Third Australaisia Ground Control in Mining Conference, Sydney, Australia, 5–6 November 2014. [Google Scholar]

	



Starzec, P.; Tsang, C.-F. Use of fracture-intersection density for predicting the volume of unstable blocks in underground openings. Int. J. Rock Mech. Min. Sci. 2002, 39, 807–813. [Google Scholar] [CrossRef]

	



Elmo, D.; Moffitt, K.; Carvalho, J. Synthetic Rock Mass Modelling: Experience Gained and Lessons Learned. In Proceedings of the 50th U.S. Rock Mechanics/Geomechanics Symposium, Houston, TX, USA, 15–20 June 2016. [Google Scholar]

	



Esmaieli, K.; Hadjigeorgiou, J. Application of DFN–DEM modelling in addressing ground control issues at an underground mine. Min. Technol. 2015, 124, 138–149. [Google Scholar] [CrossRef]

	



Harthong, B.; Scholtes, L.; Donze´, F.-V. Strength characterization of rock masses, using a coupled DEM–DFN model. Geophys. J. Int. 2021, 191, 467–480. [Google Scholar] [CrossRef]

	



Javadi, M.; Sharifzadeh, M. Assessment of Inflow Possibility into Underground Excavations Using DFN and Percolation Concepts. In Proceedings of the 22nd World Mining Congress & Expo, Istanbul, Turkey, 11–16 September 2011. [Google Scholar]

	



Li, J.; Wang, Y.; Tan, Z.; Du, W.; Liu, Z. Study on Water Inflow Variation Law of No.1 Shaft Auxiliary Shaft in HighLiGongshan Based on Dual Medium Model. Symmetry 2021, 13, 930. [Google Scholar] [CrossRef]

	



Verga, F.; Giglio, G.; Masserano, F.; Ruvo, L. Validation of Near-Wellbore Fracture-Network Models With MDT. SPE Reserv. Evaluation Eng. 2002, 5, 116–125. [Google Scholar] [CrossRef]

	



Karatalov, N.; Stefaniak, A.; Vaughan, L. Advanced Modeling of Interwell-Fracturing Interference: An Eagle Ford Shale-Oil Study. In Proceedings of the Abu Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, United Arab Emirates, 7–11 November 2017. [Google Scholar]

	



Mahmoodpour, S.; Singh, M.; Obaje, C.; Tangirala, S.K.; Reinecker, J.; Bär, K.; Sass, I. Hydrothermal Numerical Simulation of Injection Operations at United Downs, Cornwall, UK. Geosciences 2022, 12, 296. [Google Scholar] [CrossRef]

	



Gentier, S.; Rachez, X.; Ngoc, T.D.T.; Peter-Borie, M.; Souque, C. 3D flow modelling of the medium-term circulation test performed in the deep geothermal site of Soultz-sous-Forêts (France). In Proceedings of the World Geothermal Congress, Bali, Indonesia, 25–30 April 2010; p. 13. [Google Scholar]

	



Zhang, F. Effects of Hydraulic Fracture Crossing Natural Fractures Numerical study using hybrid discrete-continuum modelling. In Proceedings of the ISRM Congress 2015 Int’l Symposium on Rock Mechanics, San Francisco, CA, USA, 10–13 October 2015. [Google Scholar]

	



Viegas, G.; Urbancic, T.; Baig, A. Rupture Dynamics and Source Scaling Relations of Microseismic Hydraulic Fracture in Shale Reservouir. In Proceedings of the ISRM Congress 2015 Proceedings—Int’l Symposium on Rock Mechanics, San Francisco, CA, USA, 10–13 October 2015. [Google Scholar]

	



Wang, H. Discrete fracture networks modeling of shale gas production and revisit rate transient analysis in heterogeneous fractured reservoirs. J. Pet. Sci. Eng. 2018, 169, 796–812. [Google Scholar] [CrossRef]

	



Wang, B.; Fidelibus, C. An Open-Source Code for Fluid Flow Simulations in Unconventional Fractured Reservoirs. Geosciences 2021, 11, 106. [Google Scholar] [CrossRef]

	



Mahmoodpour, S.; Singh, M.; Turan, A.; Bär, K.; Sass, I. Hydro-Thermal Modeling for Geothermal Energy Extraction from Soultz-sous-Forêts, France. Geosciences 2021, 11, 464. [Google Scholar] [CrossRef]

	



Tester, J.W.; Brown, D.W.; Potter, R.M. Hot Dry Rock Geothermal Energy: A New Energy Agenda for the 21st Century; Technical Report, Los Alamos National Lab: Los Alamos, NM, USA, 1989. [Google Scholar]

	



Aydin, H.; Akin, S. Discrete Fracture Network Modeling of Alaşehir Geothermal Field. In Proceedings of the 44th Workshop on Geothermal Reservoir Engineering Stanford University, Stanford, CA, USA, 11–13 February 2019. [Google Scholar]

	



Jambayev, A.S. Discrete Fracture Network Modeling for a Carbonate Reservoir. Master’s Dissertation, Colorado School of Mines, Denver, CO, USA, 2013. [Google Scholar]

	



Kohl, T.; Mégel, T. Predictive modeling of reservoir response to hydraulic stimulations at the European EGS site Soultz-sous-Forêts. Int. J. Rock Mech. Min. Sci. 2007, 44, 1118–1131. [Google Scholar] [CrossRef]

	



Cacciari, P.P.; Futai, M.M. Modeling a Shallow Rock Tunnel Using Terrestrial Laser Scanning and Discrete Fracture Networks. Rock Mech. Rock Eng. 2017, 50, 1217–1242. [Google Scholar] [CrossRef]

	



Wang, P.; Liu, C.; Qi, Z.; Liu, Z.; Cai, M. A Rough Discrete Fracture Network Model for Geometrical Modeling of Jointed Rock Masses and the Anisotropic Behaviour. Appl. Sci. 2022, 12, 1720. [Google Scholar] [CrossRef]

	



Ioannis, V.; Mark, D.; Nicholas, V. Factors affecting realism of DFNs for Mechanical Stability Analysis. In Proceedings of the International Discrete Fracture Network Engineering Conference, Vancouver, BC, Canada, 17–21 September 2014. [Google Scholar]

	



Saliu, M.A.; Komolafe, K. Investigating the Effect of Dolomite Exploitation on Groundwater Condition of Ikpeshi, Akoko—Edo, Edo State, Nigeria. J. Earth Sci. Geotech. Eng. 2014, 4, 137–147. [Google Scholar]

	



Pham, H.V.; Parashar, R.; Sund, N.; Pohlmann, K. Determination of fracture apertures via calibration of three-dimensional discrete-fracture-network models: Application to Pahute Mesa, Nevada National Security Site, USA. Hydrogeol. J. 2020, 29, 841–857. [Google Scholar] [CrossRef]

	



Bordas, J. Modeling Groundwater Flow and Contaminant Transporting Fractured Aquifers. Master’s Thesis, Air Force Institute of Technology, Colombus, OH, USA, 2005. [Google Scholar]

	



Parker, B.L.; Cherry, J.A.; Chapman, S.W. Discrete Fracture Network Approach for Studying Contamination in Fractured Rock. Aqua Mundi 2012, 12, 101–116. [Google Scholar] [CrossRef]

	



Ogunsola, N.O.; Olaleye, B.M.; Saliu, M.A. Effects of weathering on some physical and mechanical properties of Ewekoro Limestone, South-western Nigeria. Int. J. Eng. Appl. Sci. 2017, 4, 257336. [Google Scholar]

	



Ogunsola, N.; Lawal, A.; Saliu, M. Federal University of Technology Akure Variations of physico-mechanical, mineralogical and geochemical properties of marble under the influence of weathering. Min. Miner. Deposits 2019, 13, 95–102. [Google Scholar] [CrossRef]

	



Ogunsola, N.O. The effects of weathering on some physical and mechanical properties of selected carbonate rocks in south-western Nigeria. Master’s Dissertation, The Federal University of Technology Akure, Akure, Nigeria, 2016. [Google Scholar]

	



Goodman, R. Introduction to Rock Mechanics; Willey: New York, NY, USA, 1989. [Google Scholar]

	



Lisjak, A.; Grasselli, G. A review of discrete modeling techniques for fracturing processes in discontinuous rock masses. J. Rock Mech. Geotech. Eng. 2014, 6, 301–314. [Google Scholar] [CrossRef]

	



Martin, C.; Kaiser, P.; McCreath, D. Hoek-Brown parameters for predicting the depth of brittle failure around tunnels. Can. Geotech. J. 1999, 1, 136–151. [Google Scholar] [CrossRef]

	



Hoek, E.; Diederichs, M. Empirical estimates of rock mass modulus. Int. J. Rock Mech. Min. Sci. 2006, 2, 203–215. [Google Scholar] [CrossRef]

	



Hammah, R.E.; Yacoub, T.E.; Corkum, B.; Wibowo, F.; Curran, J.H. Analysis of Blocky Rock Slopes with Finite Element Shear Strength Reduction Analysis; Springer: Vancouver, BC, Canada, 2007; pp. 329–334. [Google Scholar]

	



Jarek, J.; Esterhuizen, S.G. Use of the Mining Rock Mass Rating (MRMR) Classification: Industry Experience; U.S. Department of Health and Human Services, Public Health Service, Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health: Pittsburgh, PA, USA, 2007; pp. 73–78. [Google Scholar]

	



Sharif, L.K.; Elmo, D.; Stead, D. An Investigation of the Factors Controlling the Mechanical Behaviour of Slender Naturally Fractured Pillars. Rock Mech. Rock Eng. 2020, 53, 5005–5027. [Google Scholar] [CrossRef]

	



Shapka-Fels, T.; Elmo, D. Numerical Modelling Challenges in Rock Engineering with Special Consideration of Open Pit to Underground Mine Interaction. Geosciences 2022, 12, 199. [Google Scholar] [CrossRef]

	



Mayer, J. Applications of Uncertainty Theory to Rock Mechanics and Geotechnical Mine Design. Master’s Thesis, Simon Fraser University, Burnaby, BC, Canada, 2015. [Google Scholar]

	



Elmo, D.; Stead, D. An Integrated Numerical Modelling–Discrete Fracture Network Approach Applied to the Characterisation of Rock Mass Strength of Naturally Fractured Pillars. Rock Mech. Rock Eng. 2009, 43, 3–19. [Google Scholar] [CrossRef]

	



Singh, J.; Pradhan, S.P.; Singh, M.; Yuan, B. Modified block shape characterization method for classification of fractured rock: A python-based GUI tool. Comput. Geosci. 2022, 164, 105125. [Google Scholar] [CrossRef]








[image: Eng 04 00011 g001 550] 





Figure 1. The five (5) basic steps to DFN framework (adapted from Davy [4]). 






Figure 1. The five (5) basic steps to DFN framework (adapted from Davy [4]).



[image: Eng 04 00011 g001]







[image: Eng 04 00011 g002 550] 





Figure 2. Description of how to build hydraulic properties of fracture rocks using DFN generation and upscaling (adapted from Cheong [24]). 
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Figure 3. Different fracture orientations: (a) fractures oriented in E–W direction (von-Mises distribution = 0 and k = 1000); (b) fracture partially oriented towards E–W (von-Mises distribution = 0 and k = 10); (c) fractures that are randomly oriented (von-Mises distribution = 0 and k = 0). 
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Figure 4. Steps taken to trace discontinuity from point cloud data (Adapted from [65]). 
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Figure 5. (a) Virtual mapping of discontinuities; (b) tracing fracture on 3D surface of a rock mass (adapted from [74]). 
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Figure 6. (a) Three-dimensional view of the open pit; (b) DTM representation of the open pit (adapted from [78]). 
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Figure 7. Interface for the development of DFN model from conditioned to actual mapping data (adapted from [79]). 
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Figure 8. Digitalized outcrop created from TLS point cloud data (adapted from Kong et al., 2022) [96]. 






Figure 8. Digitalized outcrop created from TLS point cloud data (adapted from Kong et al., 2022) [96].



[image: Eng 04 00011 g008]







[image: Eng 04 00011 g009 550] 





Figure 9. Three-dimensional point cloud data of an underground mine (adapted from [100]). 
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Figure 10. Description of shale gas production (a) gas transportation and (b) multiscale features (adapted from [115]). 
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Figure 11. Construction of tunnel face from fracture pattern around circular openings (adapted from [122]). 
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Table 1. List of required primary and secondary properties for DFN modelling and the sources of these properties (modified after Rogers and Booth, 2014 [16]).
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	S/N
	Primary Properties
	Sources of Data





	1
	Fracture intensity distribution
	Core sample orientation, borehole image interpretation, and mapping



	2
	Orientation distribution
	Core sample orientation, borehole image log, and mapping



	3
	Fracture size distribution
	Mapping, ideally at multiple scales



	4
	Spatial variation
	Interpretation of borehole or mapping data



	
	Secondary Properties
	



	5
	Fracture stiffness properties
	Shear testing techniques from literatures



	6
	Fracture shear properties
	Core logging, mapping, and shear testing



	7
	Aperture distribution
	Core logging, mapping, and hydraulic testing



	8
	Storativity distribution
	Packer testing, well testing



	9
	Termination percentage
	Mapping



	10
	Fracture transmissivity distribution
	Packer testing
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Table 2. Sample of spatial data for DFN in shale unit [12].
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Domain

	
Data Sources

	
Spatial Model

	
Mean P10

	
Sizes (m)

	
Total Number of Models




	
Min

	
Max






	
1

	
11 boreholes

	
Enhanced Baecher

	
0.007

	
25

	
400

	
35




	
2

	
7 boreholes

	
0.018

	
75

	
400

	
24




	
4

	
Recent underground decline and 4 boreholes

	
0.014

	
25

	
400

	
26
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Table 3. Summary of developed DFN models in various engineering applications.
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	Reference
	Summary of Developed DFN Models





	Adapted from Li [81]
	Geological/geotechnical characteristics: bedrock sliding body fracture and rock matrix fracture.

 [image: Eng 04 00011 i001]

Figure: Numerical fractured rock slope model with regularly distributed fractures.

Model properties: geometry of length, height, and slope angle as 96 m and 125 m, 50 m, and 95 m and 30° and 40°, for single and multi-fractures containing slopes, respectively. Sliding volume as 447.84 m3 per unit width and the interface or fracture length as 69.282 m for a slope containing one single fracture.

Field of deployment: stability of the fractured rock slope.

Remarks: The developed DFN model is constrained by the employment of simplified and assumed material parameters and constitutive relations which may affect the accuracy of the model. The unavailability of groundwater flow within the slope may also limit the accuracy of the model.



	Adapted from Le and Oh. [82]
	Geological/geotechnical characteristics: Average sedimentary thickness of 540 m which mainly consists of sandstone, siltstone, gritstone, and coal seams. Two main mine-scale fault sets whose strikes are in parallel and meridian directions. The parallel-oriented strike faults plunge to the north or north–northwest, and their dip angle ranges from 55 to 75 degrees. The mine contains many small-scale faults whose strike directions are like those of the main faults. The panel has an average cover depth of 200 m, extraction thickness of 7.98 m, and seam dip angle of less than 10 degrees. The immediate roof of the coal seam is mainly siltstone with an average thickness of 8.48 m. The main roof is mainly sandstone with a thickness of 16.72 m.

 [image: Eng 04 00011 i002]

Figure: The impact of a 45-degree fracture dip angle on the stability of the longwall face.

Model properties: The model used plane-strain condition because the face advance in panel length was much greater than that in panel width. The model dimensions in vertical direction were 113 m, 250 m in strike direction, and 1 m in the out-of-plane direction. DFN domain of length 50 m and thickness of 8 m. The siltstone floor coal seam, siltstone immediate roof, sandstone main roof, and siltstone overburden measured 40, 8, 8.5, 16.5, and 40 metres in thickness, respectively, from bottom to top. Bedding planes spacing of 0.5 m, mean dip angle of 115, and 90 degrees for the first and second fracture sets, respectively.

Field of deployment: coal seam longwall face stability.

Remarks: Due to limited field mapping and laboratory testing, a few assumptions were made to determine the inputs for the model; nevertheless, their impact on the model’s outputs is minimized by a comprehensive calibration and validation procedure versus field measurement.



	Adapted from Singh [83]
	Geological/geotechnical characteristics: Upper Tal Formation dominantly consisting of orthoquartzite and arkosic sandstone and partial partings of mudstone. Cretaceous anikot shelly limestone. The rock group belongs to a regional-scale syncline known as Garhwal Syncline.

 [image: Eng 04 00011 i003]

Figure: Developed DFN for site 2 having three joint sets coloured yellow, pink, and dark green (not to scale).

Model properties: Three persistent joint sets were considered per each of the studied sites in the DFN model. The length of the joints range between 0.9 m ± 1.23 and 4.75 m ± 0.87 for the three sites. Both log-normal and power-law were the length distributions adopted. The average Fisher dip/dip direction ranged between 35/30 and 80/80, and the average fracture intensities (P32) were between 0.451 and 4.5.

Field of deployment: rock slope stability along national highway.

Remarks: Due to the broad variability of rock mass properties, engineering professionals are encouraged to study each rock mass independently in the proximity of structurally damaged zones.



	Tóth [84]
	Geological/geotechnical characteristics: The host rock is the Boda Claystone Formation (BCF). The formation consists of well-compacted reddish-brown claystone, siltstone, and albitolite (authigenic albite >50%) with dolomite and sandstone intercalations. The formation maximum thickness is 1000 m and with a distribution area of 150 square kilometres. The average dip direction of the bedding in the well is SE–SSE, and the dip is 40° based on acoustic borehole televiewer (BHTV) observations. Four classes of veins including branched veins, straight veins, en echelon vein arrays, and breccia-like veins characterized the deepest well of the formation (BAF-2). In the BAF–2 well, the average dip values of the vein types are 42° (branched veins), 70° (straight veins), and 22° (en echelon vein arrays).

 [image: Eng 04 00011 i004]

Figure: Vertical sections of simulated fracture network geometry patterns (A–C) of the BAF–2 well based on 20 independent runs.

Model properties: the DFN model domain was 150 × 150 × 925 m.

Field of deployment: High-level radioactive waste repository deep well. The average fracture density (P10) was 9–10    m  − 1    . The average fractal dimension (D) was 1.37 ± 0.05 while the single length exponent (E) value was −0.90 and the F parameter value was 10.00. The borehole planes dip in SSE direction with an average orientation of 162° N—60° E.

Remarks: the study is basic and could be improved upon to provide detailed hydrodynamic modelling of the well and its environment.



	Adapted from Gao [85]
	Geological/geotechnical characteristics: The lithology of the formation is made up of biotite granodiorite in the basement and gravel sand and breccia in the upper layers. Gravel sand and breccia are mixed, and their thickness typically ranges between 0 and 16.8 m from northeast to southwest. The formation is characterized by several structural and weathering fractures that are relatively straight, and the apertures are generally ~0.1–2 mm.

 [image: Eng 04 00011 i005]

Figure: (a) A finite volume DFN model; (b) P10 obtained by virtual drilling at an interval of 2 m.

Model properties: The rock mass is characterized by at least three fracture sets striking orthogonally towards northeast and northwest directions. The DFN model domain was a cuboid model (length = width = 10 m, height = 5 m). The P32 values range between 0.1 (m2/m3) and 4 (m2/m3). The fracture size was dmin = 2 m, dmax = 25 m, b = 1.9343.

Field of deployment: spent fuel reprocessing (SFR) site fracture characterization.

Remarks: By effectively capturing the variability in fracture spatial intensity, the framework employed in this study addresses the primary drawback of the conventional DFN models. The DFN model can, however, be improved upon and optimized inside this framework in the future by including more important information.



	Adapted from Zhu [86]
	Geological/geotechnical characteristics: Shale reservoirs with natural fractures and hydro-fractures.

 [image: Eng 04 00011 i006]

Figure: DFN model: (a) 2D fracture network; (b) 3D fracture network.

Model properties: Stochastic DFN domain with 2D and 3D fractures represented by a line segment (100 m × 100 m) and square plate (50 m × 50 m × 50 m), respectively. The minimum and maximum fracture length used in the power-law distribution is 1 m and 100,000 m. The fractal dimension (FD) varies between 1.1 and 2.0 and between 2.1 and 3.0 for 2D and 3D fracture networks, respectively. Fracture intensity (FI) for 2D and 3D fracture networks range between 0.8 and 2.6. Injected fluid pressure of hydraulic fracturing (Pf) = 1; maximum horizontal stress (Shmax) = 1.3 Pf; minimum horizontal stress (Shmin) = 0.8 Pf; vertical stress (Sv) = 1.1 Pf; reservoirs pressure (Pp) = 0.5 Pf; segment length (Lse) from between 1 m and 0.2 m. Fracture roughness (JRC) and strength (JCS) and fracture orientation (k) vary between 0 and 20, 0.5 Pf and 18.5 Pf, and 0 and 20, respectively.

Field of deployment: sensitivity analysis of the impacts of the fracture network on the formation and development of stimulated reservoirs’ volume.

Remarks: It is crucial to precisely measure the fracture sealing degree, fracture intensity, and fracture orientations of the subsurface fracture networks to accurately estimate SRV or have a good production prediction.



	Adapted fromWu [87]
	Geological/geotechnical characteristics: The rock slope rock mass environment is complex and characterized by three major fracture groups with orientations of 25.98/235.15, 28.16/351.34, and 85.80/94.73, respectively. The trace length and spacing of the three fracture groups are 3.42/1.35, 3.12/1.70, and 2.96/0.69, respectively.

 [image: Eng 04 00011 i007]

Figure: The three-dimensional equivalent DFN model’s construction process (a) rock model, (b) DFN model, and (c) equivalent DFN model.

Model properties: The DFN domain was 15 m × 15 m ×15 m and the model of fracture rock masses was 8 m × 8 m × 8 m. Model edges of between 2 m and 15 m were established to investigate scale effects and anisotropy of the fractured rock masses. Displacement load of   2 e − 5   times the model edge per step was applied to the model. The heterogeneity, UCS, elastic modulus, friction angle, and Poisson’s ratio of the rock and fracture for the numerical model were, 5 108.9, 37.6, 56, and 0.24; and 2, 5.45, 1.88, 30, and 0.39, respectively. A water head (initial head H1 = 0) with an increase (ΔH) of 0.3 mm/step was applied to the surface in the positive direction of the Z-axis, and the water head (H2 = 0) in the corresponding negative direction was zero in the model.

Field of deployment: hydropower station project.

Remarks: Nevertheless, the suggested paradigm has some drawbacks. The dynamics, impacts of stress changes, fracture interactions, significant displacement, and rotation issues of natural fracture systems cannot be fully considered.



	Adapted from Lei [1]
	Geological/geotechnical characteristics: The rock mass is a crystalline rock with incompressible grains and networks of fractures of varying lengths and intensities. The intact rock is characterized by density (Ρ), young modulus (E), Poisson’s ratio (v), internal friction angle (φint), tensile strength (ft), cohesion (c), mode I energy release rate (GI), mode II energy release rate (GII), and matrix permeability (Km) values of 2680 kg.m−3, 60.0 GPa, 0.25, 35.0°, 15.0 MPa, 55.0 MPa, 74.3 J.m−2, 88.4 J.m−2, and 1 × 10−15 m2, respectively. The fracture is characterized by residual friction angle (φr), laboratory sample length (L0), joint roughness coefficient (JRC), and joint compressive strength (JCS) values of 31.0°, 0.2 m, 150.0 MPa, and10.0, respectively.

 [image: Eng 04 00011 i008]

Figure: Generated DFN (a) length exponent (a) = 1.5 and fracture intensity (P21) = 1.0 m−1; (b) isotropic in situ stress condition before excavation; (c) isotropic in situ stress condition after excavation; (d) anisotropic in situ stress condition before excavation; (e) isotropic in situ stress condition after excavation.

Model properties: The DFN domain was 20 m × 20 m. The fracture length bounds were defined as lmin = L/100 = 0.2 m and lmax = 100L = 2000 m. Length exponent (a) of 1.5, 2.5, and 3.5 and fracture intensity (P21) values of 1.0, 2.0, and 3.0 m−1 were adopted. Overburden stress (S′v) = 8.0 MPa, S′H/ S′v =1.0 and 2.0, i.e., S′H = 8.0 and 16.0 MPa, respectively. Average element size (h) = 5.0 cm, diameter of tunnel (d) = 2 m, penalty term (p) = 600 GPa, and damping coefficient (η) = 6.34 × 105 kg/m·s.

Field of deployment: tunnel excavation in fractured rock masses.

Remarks: The presence and distribution of natural cracks in the subsurface were found to have a substantial impact on the parameters of the excavation damaged zone (EDZ).
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