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Abstract

:

The combination of lidar and digital photography provides a new technology for creating a high-resolution 3D digital outcrop model. The digital outcrop model can accurately and conveniently depict the surface 3D properties of an outcrop profile, making up for the shortcomings of traditional outcrop research techniques. However, the advent of digital outcrop poses additional challenges to the 3D spatial analysis of virtual outcrop models, particularly in the interpretation of geological characteristics. In this study, the detailed workflow of automated interpretation of geological characteristics of fractures and cavities on a 3D digital outcrop texture model is described. Firstly, advanced automatic image analysis technology is used to detect the 2D contour of the fractures and cavities in the picture. Then, to obtain an accurate representation of the 3D structure of the fractures and cavities on the digital outcrop model, a projection method for converting 2D coordinates to 3D space based on geometric transformations such as affine transformation and linear interpolation is proposed. Quantitative data on the size, shape, and distribution of geological features are calculated using this information. Finally, a novel and comprehensive automated 3D quantitative characterization technique for fractures and cavities on the 3D digital outcrop texture model is developed. The proposed technology has been applied to the 3D mapping and quantitative characterization of fractures and cavities on the outcrop profile for the Dengying Formation (second member), providing a foundation for profile reservoir appraisal in the research region. Furthermore, this approach may be extended to the 3D characterization and analysis of any point, line, and surface objects derived from outcrop photos, hence increasing the application value of the 3D digital outcrop model.
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1. Introduction


Field outcrop is an essential research object in geological work and plays a crucial part in the process of oil and gas geological exploration and development [1,2,3]. Early geologists used photos to depict outcrops by hand drawing and physically measured outcrops using conventional equipment such as a geological compass and ruler. This traditional approach of outcrop study has two obvious disadvantages: (1) operation: based on traditional methods, field mapping in high slopes or unstable areas (desert, arctic, etc.) is very time-consuming and dangerous [4,5]; (2) application: traditional methods represent a much more varied approach and analysis (e.g., measurements, stereograms, and cross-sections are used when the geometry is important). It is also important that sampling is the main advantage of in situ analysis. However, traditional methods for interpreting geological features only use 2D flat photographs, which leads to a lot of inaccuracies [6,7]. In recent years, researchers need more accurate, efficient, and intelligent approaches to analyze the morphological properties of outcrops [8,9,10,11]. Therefore, traditional outcrop research methodologies are unable to suit outcrop research’s application demands at this stage. The development of the 3D digital outcrop model (DOM) provides a feasible solution. Geologists may now produce a high-precision and actual 3D DOM, as well as digitally display and research the DOM on a computer [12,13,14,15,16]. The DOM plays an important role in many studies, including lithologic classification of outcrop section, sequence stratigraphic division, fine interpretation of structural faults, construction of reservoir geological knowledge base, reservoir modeling, etc. [12,13,14,15,16,17,18].



Geologists are frequently interested in multiscale geological features of the outcrop surface in the process of interpreting digital outcrops, such as fractures, bedding, cavities, etc. [19,20,21,22,23,24]. These geological features will be converted into the geologically significant point, line, and surface vector objects. Further analysis of multiple geological features will be carried out based on vector objects. There are three different types of digital outcrop interpretation methods: (1) manual interpretation: researchers manually draw the target object on the digital outcrop surface; (2) automatic interpretation: researchers use computer programs to extract relevant geological features automatically; (3) semiautomatic interpretation: researchers used the method of integrating manual and automatic interpretation. The resolution of manual interpretation based on photographs might be millimeters and centimeters. However, automatic interpretation is frequently more feasible due to the high effort and low efficiency of manual interpretation [25,26]. According to the survey, automatic interpretation is separated into two categories, direct and indirect. In indirect methods, the target geological features are firstly detected based on the outcrop 2D pictures and then translated to the 3D digital outcrop surface [25,27,28]. In direct methods, the target geological features are extracted directly from the 3D data of the outcrop, such as point cloud and triangular mesh [5,7,29].



Machine recognition technology is showing considerable benefits in picture feature extraction at the moment, thanks to the rapid development of artificial intelligence. A vast number of researchers use machine learning to detect relevant characteristics in high-resolution photos, then transfer the data to the outcrop digital elevation model (DEM) for analysis and application [24,25,27,30,31]. In the field of 3D GIS, the properties of the DEM have been discussed [32,33,34]. The DEM can only cope with information on the plane’s X-axis and Y-axis, but not the vertical Z-axis. The precision of the DEM is limited since it projects z-values onto a 2D plane and cannot represent several z-values at the same (x, y) point [32,35,36]. Lidar technology has advanced considerably in recent decades. It can now be used to measure 3D point cloud data from the air and on the ground [37]. The outcrop high-precision mesh model may be generated by triangulating the laser-scanned point cloud. Then, with the mesh model matched with the high-resolution picture, the 3D digital outcrop texture realistic model can be obtained. Nowadays, many geological researchers prefer the 3D digital outcrop texture model developed using lidar scanning because it has greater accuracy and can fulfill object modeling with high complexity [23,38,39,40]. However, the interpretation of the high-precision 3D digital outcrop texture model created by lidar scanning is mostly manual or semiautomatic [41,42,43]. Therefore, there are no complete automatic interpretation and characterization methods or tools for the geological features of the DOM surface (e.g., fractures and cavities).



In this study, an automatic 3D quantitative characterization scheme of fractures and cavities based on lidar is proposed. The proposed scheme is applied to quantitatively characterize and analyze the fractures and cavities in the digital outcrop profile of the Dengying Formation (second member) in Xianfeng, Ebian. Specific contributions are as follows: (1) a high-precision digital outcrop texture model in the study area is established; (2) two types of geology features, fractures and cavities, in outcrop profiles are automatically extracted and characterized; (3) to establish the transformation relationship between 2D texture coordinates of geological features and 3D model coordinates, a 2D and 3D coordinate transformation method based on geometric transformations is proposed; (4) the 3D statistics and analysis of the geological features of fractures and cavities are carried out using the 3D outcrop model.




2. Geological Setting


Sichuan Basin is a typical superimposed basin and is one of the largest petroliferous basins in China. Sichuan Basin consists of six tectonic units, including North Sichuan low-level fold belt, South Sichuan low-steep fold belt, southwest Sichuan low-steep fold belt, West Sichuan depression belt, East Sichuan high-steep fold belt, and central Sichuan flat gentle fold belt [44]. In Sichuan Basin, the majority of carbonate reservoirs developed with dissolved pore and fracture are of great burial depth. In these reservoirs, the fracture opening is low, and the dissolved pore is mainly connected through a fine throat. Dissolution caused the cavity to develop during differentiation. The influence of tectonism and dissolution causes fractures to occur [45,46,47]. The study area is located in the Xianfeng area of Ebian in the southwest of Sichuan Basin (Figure 1a). The selected profile is located in Xianfeng village, Ebian Yi Autonomous County, southwest edge of Sichuan Basin (called Xianfeng profile). Xianfeng profile is a profile from Sinian to Cambrian strata completely exposed in the Sichuan Basin. It is around 45 m long and 10 m tall. The strata are continuous, and the horizon line is clearly defined. Following a review of relevant geological data and surveys, it was discovered that the stratum of the Dengying Formation of the Upper Sinian system in the Xianfeng profile is relatively complete, with little weathering and no vegetation coverage, providing a solid geological foundation for future research. Predecessors divided Dengying Formation into four sections based on lithology combination and electrical characteristics of logging [48,49,50]. The thickness of the first section of Dengying Formation is 20–70 m. The lithology is mainly micrite-powder crystal dolomite and there are a small number of bacteria and algae. The thickness of the second section of Dengying Formation is 440–520 m. Most lithology is argillaceous dolomite. The lower part is an algae rich-section, and the upper part is an algae-poor section. The thickness of the third section of Dengying Formation is 50–100 m. Mudstone and sandstone are the main lithologies. The thickness of the fourth section of Dengying Formation is 260–350 m. Doloarenite, alginate, and stromatolite dolomite are the main lithologies. The strata from Section 1 to Section 4 of Dengying Formation in the Xianfeng profile are generally exposed. The outcrop interpretation area is located in the middle of the second section of the Dengying Formation. It is not only the microbial dolomite development section but also the main reservoir development section [50,51,52]. This section of the outcrop may be separated into four tiny strata based on field geological survey and imaging characteristics (numbers 1, 2, 3, and 4). The sedimentary facies of layers 1, 3, and 4 is algae clastic beach, and the lithology is thick-bedded algal clot dolomite. The sedimentary facies of layer 2 is muddy-dolomitic flat microfacies, and the lithology is unequal thickness interbedding of medium-thick layered algal clot dolomite and gray-black algal clot dolomite (Figure 1b). The thickness of each layer is as follows: layer 1 (2 m), layer 2 (3.2 m), layer 3 (1.4 m), and layer 4 (1.8 m).




3. Materials and Methods


3.1. Creation of Digital Outcrop Models


All effort begins with the creation of a DOM. The use of a high-precision DOM has been crucial for both (1) identifying geological characteristics and (2) extracting accurate dimensions for 3D quantitative characterization. Three-dimensional laser scanning is a measuring technique that relies on laser ranging and is commonly used in geoscience. The 3D coordinates, reflectivity, and texture of dense spots on the surface of the scanned object may be accurately captured using 3D laser scanning, and the resolution of 3D laser scanning can reach millimeters [38,40]. In this study, the 3D laser point cloud data of the whole research region was obtained using the Austrian Riegl-vz400 laser scanner. The high-precision texture image of the outcrop was obtained using the Pentax 645D high-resolution digital camera. We begin by constructing the triangulated irregular network (TIN) from the point cloud data, then we paste the high-precision texture picture on the surface of the triangulated irregular network (TIN), and ultimately we obtain the 3D DOM with genuine texture. The workflow used for the creation of the DOM involves the following steps (Figure 2a). (1) Data preparation, including laser scanner, camera, topographic map, aerial photo data, etc. (2) Data acquisition, collecting high-resolution outcrop picture data (Figure 2b) and 3D point cloud data (Figure 2c). (3) Data processing, entering the whole data from the laser point cloud into Geomagic (software for model building), and outputting the result in PLY format. Then, we open the PLY format data into the Polywork (software for model refining), fill the holes in the 3D model, and output the optimized model in .pol format (Figure 2d). Finally, the camera images and the optimized model are precisely co-registered by using Model Painter (software for texture mapping) (Figure 2e). (4) Model output: after verification, the 3D DOM is converted to OBJ standard format and output.




3.2. Feature Detection


The total profile may be visually observed when the DOM is generated. Yet, at this moment, the DOM model can only display the 3D geometry of the outcrop profile, and it lacks the ability to extract and analyze essential geological thematic data. As a result, we want to merge the DOM with geological data from the outcrop surface, such as fractures and cavities. In a previous stage, the author’s team proposed a novel multiscale regional convolution neural network detection approach [24] for the detection of carbonate rock cavities features in 2D outcrop images based on the deep learning mask R-CNN model. Mask-RCNN is a deep learning model that can reach pixel-level instance segmentation. Its detection process mainly includes three steps. First, features are extracted through a convolutional neural network, and we used Resnet101 as the backbone feature extraction network. Second, the proposed regions are extracted through the region proposal net-work (RPN). Finally, the feature images are input into fully connected layer and the fully convolutional networks, respectively, to obtain the results of regression, classification, and image segmentation. This approach has a greater detection accuracy than the classic image recognition method, and it may partially replace manual detection The method of reference [27] is utilized in this research to detect fractures in a digital outcrop texture picture by using high-resolution digital outcrop photographs. This method uses phase consistency to detect fracture characteristics [53]. The main advantage of this method over other widely used methods is that phase congruency results are largely invariant to image contrast changes. We used the phase congruency algorithm to detect both visually faint and strong edges from images. The phase congruency output is then processed to remove noise and then thresholded to delineate edge pixels from others. At this time, fractures often appear in the form of discontinuous line segments on the original image. Next, the broken line segments need to be connected automatically or manually. The detected fractures are output as vector graphics and recorded in pixel coordinates. Automatic detection accuracy is determined by the algorithm and the picture resolution. We may complement and change the automated interpretation results in the form of man–machine interaction to reduce the mistake of automatic interpretation in the interpretation process.




3.3. Converting 2D Vector Graphics to 3D Space


The fractures and cavities vector graphics are saved as 2D pixel coordinates, which cannot be overlaid on the digital outcrop texture model in batch. Therefore, to incorporate the 2D geological information into the 3D digital outcrop model, the 2D pixel coordinates of the contour vertices of the vector graphics must be converted into 3D model coordinates. The DOM is essentially a triangular mesh surface model. If the transformation between each triangle surface in the model skeleton and its corresponding triangular surface in the texture coordinate system is considered an orthographic projection, affine transformation may be used to approximately invert this projection connection. Based on this, we may project any point in the model’s texture picture onto the DOM’s surface. The projection transformation method for each vertex in a 2D graphics contour consists of two steps (Figure 3): (1) 2D pixel coordinates to 2D texture coordinates; (2) 2D texture coordinates to 3D model coordinates.



3.3.1. Translating 2D Pixel Coordinates to 2D Texture Coordinates


The origin of the pixel coordinate system is the upper left corner of the outcrop picture, where i denotes the row number and j denotes the column number in the pixel coordinate system. The coordinate origin of the texture coordinate system is in the lower-left corner of the texture picture. The texture coordinate system’s abscissa is u, and the ordinate is v, with u and v values ranging from 0 to 1. Formula (1) depicts the link between the pixel coordinate system and the texture coordinate system. The pixel coordinates of the detected fractures and cavities graphics contour vertices may be translated into texture coordinates using Formula (1).


   {      u =  j w        v =   h − i  h         



(1)




where h is the height of the outcrop picture and w is its width.




3.3.2. Translating 2D Texture Coordinates to 3D Model Coordinates


To project the graphics in the texture coordinate system onto the 3D digital outcrop, we utilize affine transformation to infer the mapping connection between each triangle in the model skeleton and its corresponding triangle in the texture space. For any pair of triangle faces in two vector spaces, the 3D model coordinates (x, y, and z) and 2D texture coordinates (u, v) of all vertices are saved in the model file. Based on this, the mapping connection between the two triangular surfaces can be constructed, and each vertex included in the texture triangular surface may be projected onto the corresponding triangular surface in 3D space. Assuming that there is a point t (u, v) in the texture space triangle ∆ (t1, t2, t3) (Figure 4b), it is now projected into the 3D space triangle ∆ (p1, p2, p3), and the projection result is stored as p (x, y, z) (Figure 4a). To simplify the computation, first rotate the 3D coordinate system about the origin such that a coordinate axis coincides with the direction of the ∆ (p1, p2, p3) triangle’s normal vector, forming a local 3D coordinate system. A specific method for establishing a local coordinate system is described in Figure 4a. To create the Y-axis of the local coordinate system, rotate the y-axis of the original coordinate system to the     U Y  →    direction, which corresponds to the   N →   direction of the normal vector of the ∆ (p1, p2, p3) triangle. Then, rotate the z-axis of the original coordinate system to the     U Z  →    direction coinciding with the ∆ (p1, p2, p3) triangle’s edge p1p2 to obtain the z-axis of the local coordinate system. Finally, the     U X  →    direction perpendicular to the plane ZOY is chosen as the local coordinate system’s x-axis direction. Formula (2) depicts the transformation connection between global 3D coordinates and local 3D coordinates.


    [     X     Y     Z     ]  =   R    [     x     y     z     ]      



(2)







The rotation matrix R can be expressed by three unit vectors consistent with the x, y, and z axes of the local coordinate system (Formula (3)).


  R =  [          U  X    ⇀     T          U Y  ⇀     T           U  Z   ⇀     T        ]   



(3)







Formula (4) depicts the procedure for calculating     U X  ⇀   ,     U Y  ⇀   , and     U Z  ⇀   .


   {        U Z  ⇀  =      p 1   p 2   ⇀    ‖    p 1   p 2   ⇀  ‖           U Y  ⇀  =   N ⇀   ‖  N ⇀  ‖   ,    N ⇀  =    p 1   p 3   ⇀  ×    p 1   p 2   ⇀          U X  ⇀  =   U Y  ⇀  ×   U Z  ⇀         



(4)







On the other hand, by calculating the inverse matrix R−1 of R, the local 3D coordinates may be translated into global 3D coordinates (Formula (5)).


    [     x     y     z     ]  =    R −1   [     X     Y     Z     ]    



(5)







After the rotation transformation, the corresponding points of the three vertices p1(x1, y1, z1), p2(x2, y2, z2), and p3(x3, y3, z3) of the triangle ∆ (p1, p2, p3) in the local 3D coordinate system can be obtained, which are recorded as P1(X1, Y1, Z1), P2(X2, Y2, Z2), and P3(X3, Y3, Z3). The Y value of all points on the triangle surface ∆ (P1, P2, P3) is a constant Y0, Y1 = Y2 = Y3 = Y0, since the local coordinate system’s Y-axis is perpendicular to the triangular surface ∆ (P1, P2, P3). Therefore, the mapping relationship between the triangular surface ∆ (P1, P2, P3) and its corresponding triangular surface ∆ (t1, t2, t3) in the texture coordinate system can be regarded as an affine transformation between two 2D triangular surfaces (Figure 4b,c).



Affine transformation is a geometric transformation that involves a linear transformation (scaling and rotation) followed by a translation transformation to change a vector space into another vector space. The   t →   vector is rotated, scaled A, and translated   b →   to obtain the vector   P →   (Formula (6)).


   P →  = A ⋅  t →  +  b →   



(6)







The homogeneous coordinate expression of affine transformation matrix M is as follows:


   M =  [     A    b →      0   1     ]    ,   A =  [     a   b     c   d     ]  ,    b →    =  [     m     n     ]    



(7)







As a result, Formula (8) may be used to define the mapping connection between point t in 2D texture coordinate space and point P in local 3D coordinate space.


    [     X     Z     1     ]    =  [     a   b   m     c   d   n     0   0   1     ]  ⋅  [     u     v     1     ]    



(8)







The local 3D coordinates and texture coordinates of the triangle’s three vertices are brought into Formula (8) for each pair of triangular surfaces in texture space and 3D space, and the unknown parameters a, b, c, d, m, and n may be solved. The affine transformation matrix M is obtained at this point. The texture space point t is then entered into Formula (8) to calculate the local 3D coordinates P(X, Y0, Z), where Y0 is a constant obtained in Formula (2). The point t is projected into the local three-dimensional space. Finally, the global 3D coordinates p(x, y, z) are obtained by plugging P(X, Y0, Z) into Formula (5).





3.4. Seamless Superposition of 3D Vector Graphics and DOM


If the approach proposed in Section 3.3 is used directly to project the 2D graphics of the fractures and cavities into 3D space, the generated 3D graphics will not entirely fit the DOM surface, and the graphics will be suspended or pierce the model. The obtained 3D graphics cannot accurately describe the real shape and size of fractures and cavities (Figure 5a). Therefore, we first reconstruct fractures and cavities based on the geometric geometry of the triangular mesh. Then we convert the 2D pixel coordinates of the reconstructed graphics into 3D model coordinates, so that the 3D graphics of fractures and cavities can fit on the model surface (Figure 5b).



3.4.1. 2D Vector Graphics Reconstruction


The reconstruction of fractures and cavities graphics in 2D texture space can be realized by superposition and intersection of graphics and covered triangular network. A schematic representation of superposition intersection is shown in Figure 6. There are two possibilities. (1) When the coverage of a single fracture or cavity is so small that it is completely contained in a triangle in the triangulation, there is no need for reconstruction (Figure 6a). (2) On the contrary, if a single fracture or cavity covers multiple triangles in the mesh, the covered triangles need to be used to reconstruct the graph. We use the methods of superposition of line and triangulation and superposition of polygon and triangulation to realize fracture reconstruction and cavity reconstruction, respectively. By triangulation, the cavity polygon in Figure 6b is divided into multiple arbitrary polygons: a, b, c, d, e, f, g, h, and i. Multiple vertices are acquired after the intersection of the fracture and the triangulation: A, D, C, E, and B. The superposition and intersection of vector graphics is a common algorithm in the fields of computational geometry and GIS, and many mature solutions have been proposed [54,55,56]. This study focuses on Liu’s algorithm [56] for realizing geometric figure intersections; therefore, the precise stages are not repeated.




3.4.2. Seamless 3D Rendering


The reconstructed graph’s vertices may be classified into three groups (Figure 6). By using different methods to convert the vertices to 3D space, the seamless overlapping rendering of these vector graphics on the outcrop surface can be realized. Type-I vertices are vertices existing before reconstruction. We use the projection method introduced in Section 3.3 to solve its 3D model coordinates. The vertex of triangulation of the DOM is known as Type-II vertices, and its 3D model coordinates are known as well. Type-III vertices are newly generated points in the process of superposition and intersection, and their 3D model coordinates can be calculated by linear interpolation. It is assumed that there is a type-III vertex C in the texture space, which is positioned on an edge AB, as illustrated in Figure 7. The corresponding edge of AB edge in 3D space is ab, and the 3D coordinates of the two ends of edge ab are a (x1, y1, z1) and b (x2, y2, z2), respectively. If the transformation from edge AB to edge ab is regarded as a linear transformation, the coordinates of the corresponding point c (x0, y0, z0) of point C in the 3D coordinate system can be solved by Formula (9).


   {       x 0  =  x 1  +  (   x 2  −  x 1   )    ‖   A C  ⇀  ‖   ‖   A B  ⇀  ‖          y 0  =  y 1  +  (   y 2  −  y 1   )    ‖   A C  ⇀  ‖   ‖   A B  ⇀  ‖          z 0  =  z 1  +  (   z 2  −  z 1   )    ‖   A C  ⇀  ‖   ‖   A B  ⇀  ‖          



(9)









3.5. Automated 3D Statistical Analysis


So far, we obtain the 3D polylines of the fractures contour and the 3D surfaces of the cavities. The 3D polylines are the trace of two intersecting planes: the surface of the DOM and the plane of the fractures. The fractures (3D polylines) and cavities (3D surfaces) may be quantitatively described after acquiring an accurate 3D representation on the DOM. By calculating the related indicators (length, area, etc.) of fractures and cavities and combining them with the DOM, we attempt to further analyze the distribution features of fractures and cavities in the research region. The characteristic parameters of fractures distribution include quantity, density, average length, total length, and average orientation. The calculation of the length and orientation of a single fracture is the basis for other parameters. Since the 3D model coordinates of fracture vertices have been obtained, the distance between two adjacent vertices on a single fracture can be calculated in turn, and the sum is the length of the fracture. In addition, we fit the direction of the fracture vertex set to identify the precise orientation of the fracture using the principal component analysis approach described in the literature [57,58]. The characteristic parameters of cavities distribution include quantity, density, total area, and average area. The calculation of the area of a single cavity is the basis for other indicators. As described in 3.4.1 of this paper, the cavity polygon is reconstructed to form a composite polygon composed of multiple arbitrary polygons, which can fit seamlessly with DOM. The surface area of a cavity is calculated by adding the areas of all arbitrary polygons that make up the cavity.





4. Results and Discussion


4.1. Method Implementation


The feature detection algorithm of fractures and cavities has been discussed in detail in the literature [24,27], and its efficiency and effect are worthy of affirmation. Therefore, in Windows 10 environment, this paper carries out experiments through the algorithm in Section 3.3, Section 3.4 and Section 3.5. Using C++ programming language and 3D visualization open source library (OSG), the author realizes the related algorithms and 3D visualization of fractures and cavities graphics. Figure 8 is a test effect figure of the implemented algorithm on a test model. In Figure 8a, the 3D graphics of fractures and cavities are accurately fitted on the test model surface. Figure 8b shows the rendering effect of vector lines (fractures lines) on the DOM, and the fractures lines are closely attached to the triangular surface. There are no abnormalities of aliasing, suspension, and penetration. Figure 8c shows the rendering effect of vector surface (cavities) on the framework model. The edge of the face is precisely cut in this figure, and the interior of the face suits the model perfectly.



The execution time of the overall algorithm is closely related to the scale of the model and the number of fractures and cavities graphics. The number of triangular surfaces in the test model utilized in this paper reaches 169,260, with a textured image size of 7264 × 5440. In the model, there are a total of 820 graphics of fractures and cavities. The following is the test environment of the algorithm used: the CPU is Intel ® Core ™ I5-10400, the main frequency is 2.9 GHz, and the graphics card is Intel® UHD Graphics 630 with 16.0 GB memory. The algorithm’s entire execution time is 5.6 s, which is acceptable to the user. It demonstrates that the operation efficiency of the algorithm described in this paper can meet the application requirements.




4.2. Case Study


In this section, the proposed method is applied to the 3D mapping and quantitative characterization of fractures and cavities graphics on the outcrop profile for the Dengying Formation (second member). A total of 7586 cavities are automatically extracted from the outcrop texture image by using the deep learning algorithm [24]. We detect the fractures in the study area through the corresponding detection methods [27]. The detection approach has some reliability, as described in the references [27], but the automatic detection method may also be enhanced. Firstly, we use this method to detect fractures. Then, we manually optimize the detection results, and finally obtain 261 fractures. Then, these fractures and cavities graphics are mapped to the 3D model by using the method proposed in this paper, and the seamless rendering of geological information of fractures and cavities on 3D digital outcrop is realized (Figure 9).



The fractures (3D polylines) and cavities (3D surfaces) scale parameters (fracture length and cavity area, etc.) can be calculated automatically in 3D space when the 3D mapping of fractures and cavities graphics is completed. These parameters include density: surface density of fractures (density = number of 3D polylines/surface area of outcrop), total length: the total length of the fractures, average length: the average length of the fractures, average orientation: the average angle formed by the intersection of the 3D polyline’s fitting line and the plumb line, total area: the total surface area of cavities, average cavity area: the average surface area of cavities, surface porosity (surface porosity = the total surface area of cavities/the surface area of outcrop), etc. (Table 1). Thus, the structure and distribution characteristics of the graphics of fractures and cavities on the outcrop surface are further counted by layers.



According to the number, density, average length, total length, and average orientation of fractures calculated for each layer (Table 1), there are differences in the development of fractures in the four layers. Layers 1 and 3 have a higher surface density (fractures) than the other layers. Layer 2 has the largest outcrop surface area and contains the most fractures. The number and density of fractures are the lowest in layer 4. There are intersecting fractures on the outcrop surface. The average included angle between layer 1’s fractures and the plumb line is the lowest. The direction of the fractures on the outcrop surface is close to the plumb line. The author makes an overall and layered analysis of the fractures, revealing that the average orientation of the fractures is 18°. The fractures are stratified differently, with the lower layer having more vertical fractures, and the overall direction is similar. The following is the distribution characteristics of the Dengying Formation (second member): layers 1–4 have a surface porosity of 0.56% to 0.76%, with layer 4 having the highest surface porosity (0.76%) and layer 1 having the lowest surface porosity (0.56%). The development density of cavities is between 15–26 numbers/m2. Among them, many small cavities exist in layers 1 and 2, with a small average area and dense spatial distribution; many huge cavities exist in layers 3 and 4, with a large average area and sparse spatial distribution. The maximum cavity area of layer 4 is 21,902 mm2, the median cavity area is 162 mm2, the maximum cave perimeter is 841.29 mm, and the median cavity perimeter is 51.31mm. The characteristic genesis of the cavities in layer 4 is that they are close to the top interlayer weathering crust.



The main content of this research includes three parts. (1) The contours of fractures and cavities are detected on the photos. (2) The contours of 2D fractures and cavities are mapped to the surface of DOM. Then, the 3D polylines of the fracture contour and the surface of the cavity are further obtained. (3) We calculate the 3D features of 3D polylines and cavity surfaces. We are committed to studying how to display the fractures and cavities detected in the photos on the DOM surface. This is the focus of this paper. However, we can only obtain the trace lines of fractures and cavities on the outcrop surface. So, we can only calculate the parameters (length and orientation, etc.) of the 3D polylines. In future, we will compare 2D fractures and cavities with automatically mapped 3D fractures and cavities, and we will attempt to calculate a best-fitting plane of the fracture and count the fracture characteristics (dip direction, dip angle, etc.) based on [59], which is likely to have interesting results for geologists. At this stage, we still lack enough data for more in-depth analysis, such as the prediction of conduit porosity at different scales [60]. We will further improve the relevant research in the follow-up work.





5. Conclusions


This research proposes a scheme for 3D quantitative characterization of fractures and cavities in the digital outcrop texture model based on lidar. The authors use this method to implement 3D mapping of fractures and cavities graphics in the profile of Dengying Formation (second member). Further parameter characterization and statistical analysis of fractures and cavities elements are carried out based on the 3D mapping results. The achievements and understanding are as follows:




	(1)

	
Combined with lidar and digital photography, a high-resolution 3D DOM of the profile of Dengying Formation (second member), Sichuan Basin is established. Based on the outcrop image, the fractures and cavities on the outcrop surface are automatically extracted.




	(2)

	
We proposed a new method for 3D visualization of 2D vector geological information in the DOM. Firstly, the 2D fractures and cavities vector graphics are superimposed and intersected with the triangular network in the texture coordinate system. At this time, the 2D vector graphics are reconstructed. Then, based on geometric transformations such as affine transformation and linear interpolation, the fractures and cavities graphics in texture space are projected onto the surface of 3D model. Thus, the seamless rendering of vector fractures and cavities geological information in digital outcrop is realized.




	(3)

	
The characteristics of fractures and cavities on the section of Dengying Formation (second member), Sichuan Basin are characterized in 3D space, and the characteristic parameters of various fractures and cavities are counted by layers. The results provide a basis for reservoir evaluation on this section.









The proposed method can realize fine characterization of macro geological structure characteristics on the 3D digital outcrop profile. It enhances the practicability of the 3D DOM by providing technical conditions for quantitative interpretation of various geological features in the DOM. The detection and study of geological characteristics on the DOM are beneficial to oil and gas exploration and development. Compared with traditional manual interpretation methods, the proposed method has higher efficiency and operability and is expected to become a conventional method for 3D digital outcrop characterization.
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Figure 1. Geological setting. (a) Location map and stratigraphic histogram of the study area. (b) Outcrop profile for the Dengying Formation (second member). 






Figure 1. Geological setting. (a) Location map and stratigraphic histogram of the study area. (b) Outcrop profile for the Dengying Formation (second member).



[image: Energies 15 01627 g001]







[image: Energies 15 01627 g002 550] 





Figure 2. Workflow of DOM creation based on lidar. (a) The primary workflow. (b) Outcrop high-definition picture data captured using a digital camera. (c) 3D point cloud of outcrop collected by lidar. (d) 3D digital outcrop mesh model. (e) 3D digital outcrop texture model. 
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Figure 3. The overall process to project 2D vector graphics to 3D graphics. 
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Figure 4. Schematic diagram of the process of converting 2D texture coordinates to 3D model coordinates. (a) 3D coordinate system. (b) Texture coordinate system. (c) Local 3D coordinate system. 
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Figure 5. Schematic diagram of reconstruction of fracture-cavity graphics. In (a), the red line represents the line segment between any two points on the contour of the fractures or cavities, and the blue point is the two vertices of the line segment. If only the blue vertices of the contour edge are converted to the model surface, the red line segment does not fully fit the model. In (b), the red line is reconstructed to generate multiple red points. By connecting all points, the graphics fit perfectly with the model surface. 
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Figure 6. The intersection of the triangulation and the geometries of the fractures and cavities. (a) The fracture or cavity in the interior of a triangle; (b) the fracture or cavity covers multiple triangles. 
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Figure 7. The idea of the method to calculate 3D coordinates of intersections using linear interpolation. 
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Figure 8. 3D Rending results of fractures and cavities: (a) Overall effect; (b) polylines (fractures); (c) polygons (cavities) rendering over the skeleton model. 
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Figure 9. 3D visualization of fractures and cavities of the Dengying Formation (second member). (a) 3D visualization of fractures. (b) 3D visualization of cavities. 
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Table 1. Statistics of fracture-cavity characteristic parameters of the Dengying Formation (second member).
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Layer

	
Outcrop Area (m2)

	
Fractures

	
Cavities




	
Quantity (Numbers)

	
Total Length (m)

	
Average Length (m)

	
Average Orientation (°)

	
Density (Numbers/m2)

	
Quantity (Number)

	
Total Area (m2)

	
Average Area (m2)

	
Surface Porosity (%)






	
1

	
81.77

	
74

	
64.69

	
0.87

	
12.94

	
0.91

	
1996

	
0.46

	
0.000231

	
0.56




	
2

	
140.61

	
88

	
131.66

	
1.50

	
17.62

	
0.63

	
3683

	
1.00

	
0.000271

	
0.71




	
3

	
58.82

	
61

	
69.17

	
1.13

	
25.21

	
1.04

	
904

	
0.38

	
0.000417

	
0.64




	
4

	
62.99

	
38

	
53.67

	
1.41

	
17.29

	
0.60

	
1003

	
0.48

	
0.000476

	
0.76




	
Total

	
344.19

	
261

	
319.19

	
1.22

	
18.02

	
0.76

	
7586

	
2.32

	
0.000306

	
0.67
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