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Abstract Large engineering projects with complex underlying geologic structures require 3D geological integration and analysis. Presented is an example of a large hydroelectric dam, highlighting the need for 3D visualization and modeling as a requirement for the engineering design and construction process. Due to the complex nature of these projects, geological analysis using 3D modeling is commonly necessary. In this paper we present an integrated 3D geological modeling methodology for the analysis of large amounts of exploration data, and subsequent geological interpretation based on the non-uniform rational B-spline (NURBS) technique, the triangulated irregular network (TIN) algorithm and boundary representation. The procedural details and application of the proposed approach are demonstrated with reference to an actual hydropower engineering project. The new approach offered a good scheme to solve the inconsistencies among storage, accuracy and operational speed of the model. A 3D model was developed and validated using testing data from the engineering project. Visual analysis of the 3D model helps engineers to comprehend the complexity of geological structures, and enables arbitrary cutting, rock-mass quality classiﬁcation, and digital drilling. r 2005 Elsevier Ltd. All rights reserved. Keywords: 3D geological modeling; Visualization; Geological analysis; NURBS; Hydropower engineering



1. Introduction The engineering geological setting is the basis of engineering design and construction. Due to the speciﬁc requirements and complexity of large-scale hydropower projects located in mountains and Corresponding author. Tel.: +86 22 27890911;



fax: +86 22 27890910. E-mail addresses: [email protected] (D.-H. Zhong), [email protected] (M.-C. Li). 0098-3004/$ - see front matter r 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.cageo.2005.11.007



gorges, associated geological research is the most intricate and arduous task of the different engineering ﬁelds. Engineers have the task of planning construction projects, which may be anything from design schemes for the selection of dam site to hydraulic structures, and engineers require information concerning geological conditions. The geologists responsible for providing engineers with such information commonly use a 2D approach, and must create a model for geological objects at depth where they cannot be directly observed. Weak
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communication can result in a gap between geology and hydrotechnics design, and provide difﬁculties for engineering design. The degree of understanding of geological conditions will determine the ﬁnal success or failure of a hydropower project. Graphic representations of the real-world enhance our ability to understand a project (Pinto et al., 2002). Geological data visualization that integrates computer graphics and geological analysis has become one of the most important functions of geosciences for the analysis of complex spatial relationships between underground structures. Conventionally, geologists use 2D graphics to analyze geological features such as cross-sections and contour maps. The static 2D format makes it difﬁcult for engineers to understand and interpret spatial geological data. Modern computing methods have enabled the representation of spatial geological data in 3D format. 3D geological models are useful for both geologists and engineers; they improve the efﬁciency and accuracy of geological data analysis by providing 3D data visualization capability. This makes geological information more accessible to engineers for their design work. The modeling of complex geological structures is challenging due to complexities in their geometric shape, geological setting, and data processing required to understand the structures (Turner, 1992; Houlding, 1994). Such analysis involves extremely complex spatial geological relationships, and noisy and even conﬂicting data. Modeling may also be limited by the availability of funding. Simulation techniques for geological modeling have evolved from highly conceptual methods to practical computing methods, such as mathematical approaches based on the geological conceptual model (Vistelius, 1989), fractal techniques representing geological surfaces (Yfantis, 1988), the discrete modelling method for natural objects (Mallet, 1997), ﬁtting functions for different geological frameworks (Chen, 1998), 3D Be´zier construction tools (de Kemp, 1999, 2000), automatic volume reconstruction method using Voronoi diagrams for geological objects (Courrioux et al., 2001) volume visualization techniques (Zhang et al., 2002), lag insertion and local reconstruction of faults (Wu and Xu, 2003), and stepwise reﬁnement 3D geological modeling method with multi-source data integration (Wu et al., 2005). These techniques have contributed greatly to the growth of 3D geological modeling at both theoretical and application levels. Accordingly,
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numerous commercial software packages are available for building and analyzing 3D geological models, such as Earthvision, Vulan, Gemcom, MicroLynx, GOCAD, and SurpacVision. These tools have proved to be very successful in mining and petroleum geology applications (Houlding, 1992; McMahon and North, 1993), however, they are not designed speciﬁcally for geoengineering applications, and are limited by their data storage capacity, computing efﬁciency, and modeling assumptions, such as those made on faults and folds (Wu and Xu, 2003). These tools are not efﬁcient and cost-effective in representing and visualizing large datasets in the ﬁeld of hydropower engineering geology. Therefore, it is desirable to develop 3D modeling and analysis methods that address the speciﬁc needs of geological analysis in hydropower engineering. This paper proposes a new approach to modeling geological structures for engineering geology, by reducing data storage requirements, enhancing computing efﬁciency, and increasing modeling accuracy. Based on the non-uniform rational B-spline (NURBS) technique (Piegl and Tiller, 1997), the triangulated irregular network (TIN) model and boundary representation (BRep) frame, we propose a hybrid data structure for data representation and analysis. Data required for this research were collected from surveys and relevant 2D geological proﬁle maps. We illustrate our approach with a case study that involves modeling and visualizing geological structures from the Jinping ﬁrst-level hydropower engineering project, Sichuan, China. Our approach provides an integrated 3D engineering geological model for the region, and analysis of our model helps geologists and engineers to understand the local geological conditions. 2. Engineering geological context The planned Jinping ﬁrst-level hydropower facility is located on the west side of the Jinping great river gulf in the middle reaches of the Yalongjiang River, China. It will be situated within the aslope transition zone from the Qinghai–Tibet Plateau to the Sichuan Basin. The geological structure of this area is complex due to great variability in lithology and lithofacies, intensive tectonic deformation and folding, abundant fractures, and widespread metamorphic terranes. Complex geological conditions greatly affect the engineering design in such a
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project. Lacking uniform and deﬁnitive understanding of the local and regional geology, geological maps were produced and utilized in an inefﬁcient way, making it difﬁcult for engineers to design optimum schemes. In the current study, research was conducted using the proposed 3D visual modeling to analyze the project’s geological information with a primary focus on the dam area. The design height of the arch dam is 305 m, and it will be the highest arch dam in the world. The dam site is located in a reach 1.5 km between Pusiluo gulley and Shoupa gulley (Fig. 1). The region of interest stretches northeast along the Yalongjiang River, and is 1700 m long and 1560 m wide. Geological data from this region had been collected from a number of sources, including airborne and satellite photographs, geological observation points, and discrete drill-hole and adit data. These data are the basis for interpreting the geological structure in the dam area. Using these raw data, geological engineers analyzed and plotted geological plan view drawings (e.g. Fig. 2) and some typical cross-sections. The river bedrock and the two banks in the dam area are mainly composed of metamorphic rocks of the early Triassic Zagu’nao stratum, with a few intrusive lamprophyre dikes. The basement can be divided into 3 major rock units: greenschist, marble and sandstone-slate (Fig. 3), which are moderately dipping in a homocline across the gorge, oriented N15–651E, NW+15–451. Lamprophyre dikes occur on both sides of the riverbank, and have clear contacts with wall rocks. There are 13 large faults relevant to the engineering design, and they are divided into three groups on the basis of their strike: NE–NNE, NW–NWW and NEE–EW; the NE–NNE group is most intensely developed. The faults break the integrality



Fig. 1. Geomorphic photograph of dam project site.



and stability of the rock mass in the left dam foundation. In addition, the design and construction of the underground powerhouse are also controlled by these faults. The spatial conﬁguration of these faults is difﬁcult to imagine and understand clearly in 2D. Therefore, building a comprehensive 3D geological model including fault structures is necessary and useful for geologists and engineers investigating this project. 3. Methodology Under normal circumstances, initial geological data are obtained from various sources, such as drilling, geophysical survey, airborne photographs, ﬁeld mapping or seismic images. Data are then compiled into a series of static 2D geological proﬁles that can be further extrapolated and interpolated to model the entire geological structures in 3D. Unlike 2D geological models, it is still difﬁcult to manipulate 3D geological models interactively using existing methods. Therefore, building 3D models based on 2D interpretation data is a good approach. The proposed modeling methodology can be broadly described as follows: (1) Compile the discrete raw data to 2D CAD proﬁles for major geological structures integrating multi-source geological data, to ensure that all valid data are available and consistent for the next modeling. (2) By interpolating these proﬁles and surface trend analysis (Davis, 1986) on the drill-hole and adit data, a variety of structural surfaces can be constructed using the enhanced NURBS method. (3) These structural surfaces can be assembled to form a solid 3D model via the BRep structure and Boolean operations. The 3D geological model development process is illustrated in Fig. 4. Raw data are acquired and compiled ﬁrst. The overall 3D model consists of three sub-models, namely a terrain model, structural surface model and the ﬁnal solid geological model. The terrain sub-model captures the topographic outline data of a geological structure using TIN model and NURBS technique, and forms the basis for developing solid 3D models. Structural surface sub-models describe all individual mesh components that comprise the geological surface using the NURBS tools, such as horizons, faults, veins, and deep ﬁssures. The solid geological sub-model
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Fig. 2. Geological plan view of dam area.



integrates the terrain mode and the structural surface models via Boolean operations to create the 3D geological model. A prototype modeling system, VisualGeo, was implemented and used to construct complete and photo-realistic 3D graphic models, which can then be used for further geological analysis. 4. NURBS tools and geological surfaces 4.1. NURBS tools The NURBS technique is the expression standard in STEP (ISO, 1991) for free-form curves and surfaces. In its early stages, NURBS was used to model 3D geological objects (Fisher and Wales, 1992; Marschallinger, 1995). However, due to a number of theoretical limitations, such as its inherent complexity, uncontrollable weights, and certain unstable algorithms (Piegl and Tiller, 1997), the NURBS technique is incapable of meeting ever increasing accuracy requirements. The above studies were limited to the conceptual stage. With the



introduction of CAGD methods, the NURBS technique has gained tremendous enhancements and has been applied extensively to automotive design, aerospace manufacturing, and a number of other engineering applications including 3D geoengineering modeling. de Kemp and Sprague (2003) realized the visualization of complex regional scale geological objects using Be´zier-based graphics tools. Sprague and de Kemp (2005) developed interpretive tools for 3D structural geological models using Be´zier-NURBS hybrid structures. In addition to difﬁculties with instabilities, node ordering and complexity of NURBS tools, the irregular conﬁguration of intricate geological objects impedes more 3D application to geoengineering of NURBS. In addition, geologists usually pay most attention to professional geological interpretation and are pedestrian in the CAGD ﬁeld, so they tend to use traditional data structures such as GRID or TIN, rather than more ﬂexible NURBS tools. In fact the NURBS technique is very effective in modeling space uniqueness and the geometric inalterability of geological structures. Building
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Fig. 3. A typical cross-section near dam site.



geological models using NURBS is computationally efﬁcient, which means lower computational memory requirements and more efﬁcient data processing. Therefore, in this research, the NURBS technique was utilized to model 3D geological bodies for engineering design. The NURBS technique mathematically represents complex geological structures with smooth continuous curves and surfaces using only sparse control points. It avoids problems related to polynomial interpolation, such as large amplitude folds resulted from interpolating adjacent sub-parallel control points with high-order polynomials (de Paor, 1996). For a more detailed discussion on the NURBS technique, the interested reader is referred to Farin (1997), Piegl and Tiller (1997) and Shi (2001). A NURBS surface with control points Pij (0pipm, 0pjpn) can be deﬁned as Sðu; vÞ ¼



m X n X



wij Pij N ki ðuÞN lj ðvÞ=



i¼0 j¼0 m X n X i¼0 j¼0



wij N ki ðuÞN lj ðvÞ,



ð1Þ



where wij is the corresponding weight of Pij, N ki ðuÞ and N lj ðvÞ are the normalized B-spline base functions of order k and l, deﬁned over knot vector U ¼ fu0 ; . . . ; umþk j ui puiþ1 ; i ¼ 0; . . . ; ðm þ k  1Þg and V ¼ fv0 ; . . . ; vnþl j vj pvjþ1 ; j ¼ 0; . . . ; ðn þ l  1Þg, respectively; Sij(u,v) represent surface segments (Fig. 5), u 2 ½uk1 ; umþ1 , v 2 ½vl1 ; vnþ1 . Generally, k and l are set to 3. 4.2. Geological surface modeling using NURBS 4.2.1. Simple geological surface Taking an upper boundary surface as a simple example, it can be mathematically described according to Eq. (1). In this example, it is assumed that the surface is continuous and not faulted. The surface modeling procedure can be stated as follows: (1) Based on data collected from drill-holes and interpretation maps (Fig. 6a), knot vectors of this surface in u, v directions can be determined by corrective chord length or the uniform parameterization method.
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Fig. 4. 3D geological model development process.



and they cannot be used to construct the NURBS surface directly. To gain control points, the actual data must be back-calculated twice in u, v directions in turn. (3) All initial weights, wij, are set to 1 initially. The corresponding NURBS surface will be ﬁtted and constructed by interpolating control points, in which the mesh matrixes of the u, v directions can be given interactively, such as 70  100. The surface is ﬁtted by repeatedly adjusting these weights from 0.1 to 10. (4) Finally, the surface boundary is deﬁned and clipped according to the region of interest. The NURBS mesh surface for this example, without rendering, is shown in Fig. 6b. Fig. 5. Control points of NURBS surface.



(2) The control points of each vector are determined by the back-calculation method (Shi, 2001). A NURBS surface can be ﬁtted by a few given control points. However, the given data are actual sampled points of the geological surface



4.2.2. Complex geological surfaces from overturned fold Different to a simple monodrome surface, a complex geological surface from an overturned fold contains multiple z values for the same point (x, y). It cannot be interpolated and ﬁtted by the acquired discrete data, so we propose a typical proﬁle curves
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Fig. 6. (a) Data collected from drill-holes and cross-sections (control points are on) and (b) NURBS geological surface with control points.



Fig. 7. (a) Data collection, (b) typical proﬁle curves, (c) NURBS folded surface.



method based on NURBS tools to model multi-z surfaces. This algorithm includes three steps: (1) Collect data from drill-holes and cross-sections (Fig. 7a), and analyze the geological and geometric features of the fold. (2) To retain useful information, new typical proﬁle curves can be interpolated with drill-hole data and fold elements (Fig. 7b). (3) Adding relevant boundary constraints, the collection of all curves is ﬁtted to the smooth folded surface using the NURBS surface tool from network of curves (Fig. 7c).



5. NURBS modeling of 3D digital terrain Terrain is the most visible feature of geological structures. 3D digital terrain models (DTM) con-



verge all logic operations during the 3D geological body modeling process. Balancing the lower data storage requirements, while maintaining accuracy and efﬁciency in graphic manipulation, has always been a challenge for 3D geological modeling. Conventionally, 3D DTMs have been created using either regular grid (GRID) or TIN techniques (Li and Zhu, 2000), however, the precision of the GRID model is relatively low, while the data required by a TIN model is relatively large. Neither of these models meet the requirements of geological modeling. Integration of the NURBS technique and the TIN data model is an alternative solution for this challenge. This new integrated algorithm is described as follows: (1) Set up initial contours. If the contours are too sparse, new lines can be added by interpolation. (2) Deﬁne the TIN model (Fig. 8a). Based on the established contours, a 3D DTM can be deﬁned
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Fig. 8. Comparison of 3D digital terrain models for dam area. (a) TIN model (69 272 triangles, 21.3 MB). (b) NURBS model (10 080 meshes, 352 kB).



in TIN format using an algorithm provided in GIS (Zhong et al., 2002), such as Delaunay triangulation (Fang and Piegl, 1995). (3) Data conversion. Convert the generated TIN model from a GIS environment to polygon mesh in the developed NURBS disposal system, ensuring the integrality of triangles. (4) Compute control points. Extract adequate contour curves of continuous and uniform distribution from the mesh in u, v directions by a given interval, and control points can then be backcalculated based on these curves. (5) Fit the NURBS terrain surface (Fig. 8b). After collecting the control information, the terrain model can be generated using the NURBS patch. Moreover, the corresponding topographic skeleton data can be easily derived. This computation method was found to be very efﬁcient in our case study, as shown in Fig. 8. For this speciﬁc example, the size of the simpliﬁed NURBS model based on the TIN model decreases considerably from a 101 MB level to a 102 kB level. Comparatively, the trade-off in accuracy is relatively low. A checkpoint method (Li and Zhu, 2000) is introduced to evaluate the accuracy of different models. This method is deﬁned as follows sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ n 1X s¼ (2) ðRk  Z k Þ2 , n k¼1 where n is the number of checkpoints, Zk and Rk are the ﬁeld measured elevations and the estimated values at the same site for the model of checkpoint



Table 1 Comparison of DTM model accuracy Accuracy (m)



s



Model TIN only



Integrated TIN-NURBS model



Standarda



0.58



2.21



2.50



a This standard is the ﬁrst-level accuracy standard of the mountain DTM (China Bureau of Surveying and Cartography, 1998).



k, respectively. The accuracy of these models was examined against 30 checkpoints. The results are listed in Table 1. It shows that the integrated NURBS model performs better than the standard, and can meet the accuracy required in 3D geological modeling. 6. Supplementing the solid model 6.1. 3D solid geological model A BRep deﬁnes solids by their bounding surfaces, providing an efﬁcient volume description for geological objects (Caumon et al., 2004). In the concept of BRep, the boundary can be any type of closed and orientable free-form surface, such as a NURBS surface. A BRep solid model describes the topological relationships between different 3D geometric elements, and it has the advantages of high accuracy and small memory capacity.
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Based on the realized NURBS surfaces for geological structures, the 3D solid model by BRep in the complete geological region O, can be deﬁned as follows (Fig. 9): 8 n S > MO ¼ Mci ; > > > > i¼1 > m  > > > Si > < Mci ¼ S i1 [ S i2 [ Sl ik ; i ¼ 1; 2; . . . ; n;



effects of concavo-convex textures by perturbing normal vectors to surfaces (Blinn, 1978). Furthermore, veriﬁcation of the model is very important to ensure its accuracy. To create a credible model, special care was taken during the model development process in the following areas:







k¼1



> > S ij ¼ sðPij Þ; i ¼ 1; 2; . . . ; n; j ¼ 1; 2; > > > > > > Sl ik ¼ s0 ðfvik gÞ; vik 2 qS i1 [ qS i2 ; i ¼ 1; 2; . . . ; n; > > : k ¼ 1; 2; . . . ; mi ; (3) where MO is the whole solid geological model in O, n is the total number of geological bodies, Mci denotes a geological body, which consists of two dominant structural surfaces of Si1, Si2, and some peripheral surfaces Slik connecting Si1 and Si2, k ¼ 1; 2; . . . ; mi , Si1 and Si2 are the NURBS surfaces ﬁtted by their point sets Pi1, Pi2 and qSij is the set of all bounding vertexes of Sij, j ¼ 1; 2.



6.2. Development and validation of the complete 3D model When all of the abovementioned geological structures are modeled using NURBS tools, the TIN model and the BRep method, the ﬁnal geological model for the dam area can be constructed by geometric operations. To meet the requirements of visualization, the model should be rendered with different colors and textures to display the physical characteristics of geological bodies. Because the textures of rock appearance require only a relatively low resolution, a special algorithm was adopted in this study. It creates the











Checks of NURBS geometry: These include continuity of curves and surfaces, closeness of bodies, and rationality of topological structures. All spline curves and boundary components should at least measure with the geometric continuity of G1. Checks for structural rationality: A simple approach is to cross-validate the model with interpretations from other intermediate sources (Davis, 1986). The model could be sliced vertically or horizontally at appropriate positions and compared with available interpretive CAD proﬁles to assess the accuracy of the model. Fig. 10 shows a sample of this comparison. Accuracy test on raw data: Geological information from the model should be identical to or within a reasonable tolerance of the data obtained from drill-holes and adits, or within a certain margin of error. A total of 15 drill-holes were used to conduct the test, and the test result was satisfactory to the geological engineers involved in the study. Due to the space limit, Table 2 shows only 6 groups of testing data.



The ﬁnal 3D geological structure model developed for the dam area is shown Fig. 11. 7. Visualization of 3D geological analysis 3D geological structure models can be developed and edited using the integrated VisualGeo system. The system provides a full set of manipulation



Fig. 9. A simple BRep geological body consisting of six bounding surfaces.
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(a)



(b) Fig. 10. Comparison test of I–I0 cross-section. (a) Result from slicing 3D geological model along I–I0 cross-section line. (b) Interpretive I–I CAD proﬁle obtained from raw data.



ARTICLE IN PRESS D.-H. Zhong et al. / Computers & Geosciences 32 (2006) 1270–1282



1280



Table 2 Contrastive test of horizon subsections for drill samples No.



Depth (m)



P102



300.34



P123



150.04



P207



200.33



P231



100.10



P305



150.54



P328



150.44



Sort



Fact Model Fact Model Fact Model Fact Model Fact Model Fact Model



Statistic values of stratal subsections (m) Cover



3(2)



3(1)



2(8)



2(7)



2(6)



2(4)



2(3)



2(2)



2(1)



1



37.87 37.16 15.00 13.82 — — — — — — — —



— — — — 16.66 15.68 69.75 68.45 — — — —



— — — — 2.19 1.94 1.17 1.34 — — — —



— — — — 88.88 87.44 29.18 30.31 — — — —



— — — — 69.47 70.96 — — — — — —



— — — — 23.13 24.31 — — — — — —



4.53 4.76 — — — — — — — — — —



44.63 46.16 50.90 51.74 — — — — 16.98 16.45 — —



44.93 45.57 68.81 70.21 — — — — 76.52 75.75 46.00 45.86



62.18 65.44 15.33 14.27 — — — — 57.04 58.34 84.37 84.93



106.20 105.35 — — — — — — — — 20.06 19.65



Fig. 11. (a) 3D geological model of dam area, (b) visual model of rock-mass quality classiﬁcation after foundation treatment in dam area.



functions, such as zoom, move, rotate and strip 3D models, perform space analysis and space query. The model can be sliced in arbitrary directions, locations and depths. To examine interior conditions and the spatial relationships between geological structures for engineering design, a series of visual geological analyses can be conducted:







3D dissection analysis of geological bodies: This may include cross-section analysis, truncation view, beveling section and 3D slicing along with axial lines of engineering structures. These analyses can reveal structural features of geological bodies at different angles and depths and meet the needs of geological engineers and designers. Fig. 12a is a typical example of 3D cross cutting and Fig. 12b shows that the visual model of rock-mass quality classiﬁcation which is











obtained by cutting through the surface along the arc dam axis. Digital drilling: Drilling during on-site geoexploration is very expensive, however, once the 3D geological model is constructed, digital drilling can be freely undertaken at any location, length and diameter to help engineers choose the appropriate locations of drill sites (Fig. 12c). Structural analysis of underground engineering: Geological exploration and analysis serve both engineering design and construction. The geological model of underground engineering is shown in Fig. 12d.



8. Conclusions Complex geological structures challenge the design and construction of large-scale hydropower
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Fig. 12. Visualization of geological analysis in engineering region. (a) 3D slicing along II–II0 cross-section plane. (b) 3D view along dam axis of rock-mass quality classiﬁcation in dam area. (c) Eight digital drills of 30 m diameter. (d) 3D geological model of underground cavities and two local views.



development projects. Based on raw data from geological exploration and interpretation, this paper presents an integrated approach that combines NURBS, TIN and BRep data structures. It is capable of modeling 3D geological structures with a variety of geological features and visualizing their spatial distributions. This approach was applied to study the geological structure of the Jinping ﬁrst-level hydropower development project. A 3D geological model was developed and veriﬁed. A number of visual analyses, based on the developed 3D model, represent complex morphological features and the spatial relationships of structural elements. The model helped engineers better understand the interior geological conditions for engineering design. Compared with conventional 3D geological modeling techniques, the proposed approach reduces the



amount of computer memory required while increasing computing efﬁciency. This approach will be further improved in two respects. First, the 3D model development process will be more ﬂexible if the model can be modiﬁed interactively as new survey data becomes available. This involves the development of a link between the model system and the geological database. Second, the approach is a manual model development process based on NURBS tools. This can be improved by automatically building geological objects using intelligent technology. Acknowledgments This research was supported by the Natural Science Foundation of China (Grant no. 50479048, 50539120), the Natural Fund for Distinguished
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