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Abstract

The initial geological analysis of hydropower projects is greatly complicated by the existence of complex
geological conditions. To adapt advances in informatization and digitalization to the needs of the engineering
survey industry and to conduct geological analysis more intuitively, in the present study the development of
“GeoBIM”, a geological 3D design platform based on the DSI modeling engine and a “graphics + data”
architecture is rerported. GeoBIM realized the integration of 3D information in the whole process of
geological work, from field data collection, model design, and analysis to approval. Taking the siting and
construction of a hydropower station as an example, the field data collection and cataloging APP (boreholes,
caverns, slopes) and web-side exploration monitoring platform of GeoBIM were used to build a 3D
geological fine visualization model. The principle of dissipated energy was used to analyze the quality of the
rock mass, which showed the spatial distribution characteristics of local geological conditions and rock mass
quality, improving the efficiency and intuitiveness of engineering rock mass quality classification. GeoBIM
was compared with traditional 2D geological analysis methods and actual conditions to demonstrate the
rationale and intuitive use of the 3D digital evaluation method in geological engineering.

Introduction

Traditional three dimensional (3D) geological surveys mainly determine the deep information
of the geological body manually through a comprehensive study of geological and section maps,
measured field profiles, analysis of samples from boreholes, and other plane two dimensional (2D)
and elevation 2D data, and expresses the distribution of surface geological bodies in 3D space a
“pseudo 3D” form, or through a projection or overlay study on multiple planes, expressing
comprehensive geological laws (Houlding 1994, Wu et al. 2003, Caumon et al. 2004, Cheng et al.
2004, Yang et al. 2015). True 3D geological modeling makes full use of data that can reflect deep
information, such as geology, exploration, and testing, and computer graphics to realize a 3D
visualization.

The main underlying technology used in geological 3D research and development is Kriging
interpolation (Mallet 2002). Platforms vary, but the kernels are all Kriging interpolation or
improved Kriging interpolation. However, this algorithm can only be used to construct some
relatively simple nonlinear geological interfaces, and there are many problems such as information
loss, model distortion, and invalid geological evaluation (Li 1994, Caumon and Mallet 2003, Tan
2005, Han and Zhu 2006, Yang et al. 2007, Chai 2016) and they are all based on modeling, and
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the model is less used in analysis and calculation (Wang et al. 2003, Caumon et al. 2004, Sprague
and Kemp 2005, Kaufmann and Martin 2007). In the modeling process, the construction of the
geometric shape of the geological body and the construction of the binary structure of the
geological body attributes (such as the Rock Quality Designation (RQD) value and the Lugeon
value) revealed by the exploration and geophysical prospecting, must also be taken into account,
as the final constructed geological body is used for analysis and application, such as 2D geological
mapping, and rock mass quality classification (Wang et al. 2012). Given the characteristics and
requirements of 3D geological modeling, it is proposed in the present study that more suitable
methods should be used for modeling and geological analysis in practice. One such method is
Discrete Smooth Interpolation (DSI) technology (Briggs 1974). Compared with traditional
modeling algorithms, the advantage of DSI technology is that it can fit and construct complex (i.e.,
folds and lenses), discontinuous (i.e., faults and overburden) geological structures with binary
structures in real-time according to various constraints. Although the geological modeling
capability of GoCAD based on DSI technology is very prominent, this product is mainly tailored
to the needs of the petroleum industry (Mallet 1992, Zhang et al. 2015).

The present study used Geology-Building Information Modeling (GeoBIM), a geological 3D
modeling platform developed with the latest 3D geological modeling ideas, as the object and
combines engineering examples and modeling ideas to create a 3D geological model and conduct
geological model analysis and application research. Learning from the successful experience of
other geological 3D software and summarizing the lessons of failure, GeoBIM chose modeling
based on DSI as its underlying technology and solved the adaptability problem of the hydropower
industry through secondary development (Xiong et al. 2007, Po-Tsun 2020, Chen 2021). This
method is especially suitable for 3D modeling of discontinuous, nonlinear and binary geological
bodies. It can provide more abundant and intuitive geological analysis data for the information
design of similar projects, and is conducive to observing and analyzing the geological state of the
engineering area.

Materials and Methods

First, a 3D geological discrete model M'(Q2, N,¢,C) was defined, where Q is all nodes that
make up the model, N is the field point set of each node, ¢ is the nth order vector property
function of each node, and C is the constraint of each node.

Then the global roughness function was defined as:

R'(¢)=R(d)+0 T x p(d)

where R( ) is the global roughness function, o (&) is the global constraint violation function,
@ is the constraint factor, and @ is the balance factor.
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AY(a) is the constraint coefficient, and, according to the actual constraints, the constraint
coefficients under different conditions can be obtained, which allows the optimal ¢ value to be
iteratively solved by Equation (1). The actual constraints include the interface position, occurrence,
fault throw, and dislocation direction revealed by drilling. These can be regarded as either hard
constraints or soft constraints, with hard constraints referring to those that must be fitted 100%
accurately, such as the position of the layers revealed by drilling holes, while soft constraints, such
as fault dislocation direction and estimated fault throw, can be fitted with weighting factors
according to the reliability of specific exploration or geophysical exploration.

GeoBIM 3D geological modeling software is based on the object-oriented classification
approach. Based on the resulting 3D unified model, a series of geological analysis applications,
including rock mass quality visualization classification, 3D model arbitrary section analysis, and
dam and underground engineering geological analysis, can be used to provide a theoretical basis
for analyzing geological problems in the survey, design, and construction of water conservancy
and hydropower projects under complex geological conditions and technical means.

Results and Discussion

First, a database was built consisting of all exploration results from the available sources of
project data, which not only facilitates the preservation and management of data but also provides
a basis for subsequent analysis and application models (Fig. 1).

Classification Methods and Indicators Esgiseeriaz Smge =

—— -
= ) Engmeenng Part
* A Dulline ——* RQD, Linear density, Joint state, Groundwater
BQ:Rock saturation strength, & [E2Fla Tumnel —»  Linear density, Joint state, Groundwater
Rock integrity, Groundwater = 2= Geological Pomt  ( The line density of the flat tunnel comes from the survey line method form )

== Stranem Point

= Breakmg Pomt
RMR Natural strength of rock RQD. &~ Groundwater Point
Linear density, Joint state, Groundwater 2 Physical Geological Point
2= Karst Pomt
= Sampling Pomt
HC:Rock saturation strength, Rock { E ¥ Well
integrity, Joint state, Groundwater &L Potiole

= Geophysical Prospectng
Borshole Geophysical Prospecing — » Rock wave velocity along the borehole
Pownt Geophvcal Brospectng
Profile Geophrysical Prospecting
Cavem Geophyical Prospectmz — 4 Wave velocity of rock mass along flat cave
Idm Test —» Rockwave velocity divided by lithology.

weathering. and unloading

& 3-m

& Field Test
= Construction Geology
% Cavem Canlog
# Slope Catalog
#  Growing Record

Fig. 1. The indexes required for the grading and database entry methods.
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Exporting the database to the 3D display interface allows the RQD of the survey layout and
survey results to be easily viewed (Fig. 2).
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Fig. 2. 3D display of the exploration point layout.

From the single-index spatial achievement data formed in the database (point cloud +
attribute format, imported to the 3D visualization platform through the import point set command)
combined with the magnetotelluric method for detection, it can be concluded that the depth of the
cover layer is 30 m ~ 75 m. While the rock roof elevation changes in the range of 2950 to 3000 m

(Fig. 3).
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Fig. 3. A sectional view of representative survey line geophysical exploration results.

Data used for defining the topographic surface can be topographic point data, DEM data,
elevation points, or contour lines. Figure 4 showed the 3D display of the topographic surface.

The 3D geological model is an underground 3D stratigraphic space based on the results of
field exploration, such as geological exploration, geophysical exploration, surveying and mapping,
and testing (Fig. 5). The boundary of each layer was determined through geological exploration,
then the grid surface of each layer was created and defined. The geological attribute points
formed by each exploration result were used to constrain the grid surface, and finally, a
stratigraphic entity with geological attributes was formed. The size of the grid was controlled by
the precision and density of the survey results.
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Fig. 5. 3D model of the engineering geology in the study area.

The 3D model of the structural surface of the study area was obtained from the exposed line
and the occurrence of the structural surface (Fig. 6). Results showed that the faults in the
engineering area are not well developed, and there are no long and weak structural planes that
directly combine to form structural blocks on the left bank. The right bank was cut by small
gullies downstream, and combined with some NNW-oriented structural planes and gently dipping
structural planes; there are uncertain structural blocks. The right bank developed a combination of
a gently dipping downstream structural plane, a near-EW-trending steeply dipping structural plane,
and an NNW-trending steeply dipping structural plane. There was also an anti-slip stable block.
The sideslip plane is a long and weak structural plane, and the anti-slip stability conditions of the
right bank were worse than those of the left bank.
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Fig. 6. 3D display of the structural plane distribution in the engineering area (Vertical view).

The RQD 3D isosurface map of the rock mass (Fig. 7) showed that with increasing tunnel
depth, the degree of weathering and unloading of the rock mass gradually weakens. When RQD >
80, the rock mass is considered to be of good quality. However, the quality of the rock mass was
poor in the sections near the broken rock mass and unloading cracks and faults. On the same slope,
the horizontal depth of the rock mass with poor quality in the flat cave increased with increasing
elevation and was also more fragmented. The 3D display showed that the proportion of RQD
types I11;~11 in the engineering area was relatively high.
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Fig. 7. RQD 3D isosurface map of the rock mass.
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The 3D display of the rock mass wave velocity (Fig. 8) showed that the variation range of the
longitudinal wave velocity, Vp, of the rock mass in each cave measured on the left bank of the
lower dam site was 3550—5200 m/s, and the average value was 4580 m/s. There are more rock
masses with 4450 < Vp < 5200m/s and Vp > 5200m/s, accounting for 33.3 and 45.2% of the
measured rock masses, respectively, while the proportion of rock masses with Vp < 4450m/s is
relatively small, of which only 2.4% is broken rock mass, with no broken rock mass. The spatial
distribution of the low-velocity parts shows that the relatively broken rock mass is in the shallow
part of the mountain in the range of 0—35m. This showed that the fissures and structural planes in
the middle-deep rock mass are relatively undeveloped and that the rock mass quality is generally
good.
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Fig. 8. 3D isosurface map of the rock mass wave velocity.

The 3D analysis for the rock mass quality classification implements the method of “single
index scoring and summation”, that is, data of every single index are collected on-site, and then
the rock mass quality is obtained by summing. The rock mass quality classification of 3D methods
of RMR, hydropower, and BQ function is provided by the software. All three grading methods are
the summation of single index values. The single indices required for the accumulation of the 3D
methods include rock uniaxial compressive strength UCS (RMR uses natural sample index, the
rest uses saturation value), joint surface state, groundwater condition, RQD and joint spacing
(RMR), and rock mass wave velocity (hydro and BQ). Once these single index values are
collected and stored in the database, the basic data on which the rock mass quality classification
depends are available. After the database index and structure-face-interpolated calculation of the
rock layer, the rock mass classification starts. The program automatically sums up the
classification of single indices in all cubic mesh grid cells within the classification range to
complete the rock mass quality classification. After the classification is completed, the rock mass
quality classification results at any point can be viewed by shifting the data plane in the XYZ
direction. The rock mass quality at any point can also be obtained quantitatively by extracting the
isosurface map of the rock mass quality classification index RMR (Fig. 9).
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Fig. 9. Diagram of the rock mass quality classification process display.(a). The structural planes, rock planes
and classification scope that need to be considered in classification; (b). The classification results of
cubic network; (c). The overall effect of classification results; (d). The classification results of a
certain position.

Finally, the classification results and parameter values can be displayed on the building
profile surface, and the relevant parameter values of the cubic net can be “assigned” to the
building profile (surface object) through the surface command to obtain the rock mass quality
classification distribution map (Fig. 10).

To verify the practicability of this quality classification method, taking the above test area as
an example, five representative measuring points in the flat tunnel of the lower dam site were
selected to calculate their membership degrees at all levels, which were analyzed and then
compared with the equivalent data obtained using a traditional comprehensive fuzzy
discrimination method. The comprehensive rock quality index (P1), RQD index (P2), joint linear
density index (P3), joint surface state index (P4), groundwater condition (P5), and other indicators
were used to divide the rock mass quality into five categories. The measured values of the rock
mass quality indicators of each sample are shown in Table 1 alongside the results of the on-site
engineering geological survey and laboratory tests. Results showed that the prosed approach we
are proposing returns almost identical results to the fuzzy comprehensive evaluation method and
has a higher consistency with the on-site excavation results, which meets the engineering needs.
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Fig. 10. A building outline provided by the rock mass quality classification results.

Table 1. Comparative analysis of the rock mass quality index classification results.

sample Evaluation indicators Geo-BIM Tradit_i onal 2D On-site
P2 P3 P4 P5 3D method analysis method exposure
1 45 30 0.18 0.49 15 1l 1l 1l
2 51 476 044 048 9.8 1l 1 1l
3 30 38 0.34 033 163 v v v
4 55 88 0.28 0.45 19 1l 1l H~111
5 52 70.1 051 0.36 0.05 1 1 1

Unlike with traditional 2D engineering geological condition analysis, with the 3D geological
model, the values of relevant parameters on all exploration points can be imported through the
database in the GeoBIM software and assigned to the 3D geological model of the dam site area.
The geological parameters of the rock mass can then be automatically obtained through
interpolation, and the rock quality index RQD value, saturated uniaxial compressive strength value,
water permeability Lv value, and other geological parameters can be visually checked through the
3D geological model. Users can generate the iosurface of a certain index, such as the isosurface of
the rock quality index RQD = 80%, and judge the area with the rock quality index RQD > 80% in
the rock layer through the isosurface.

A novel 3D geological modeling and analysis software was developed in the present study
and a geological analysis was carried out of the siting and construction of a hydropower station
based on the whole process of field data collection, exploration, modeling, and rock mass quality
analysis. A comparison of the 3D analysis results of the whole process with the traditional 2D rock
mass quality analysis and on-site exposed rock mass quality results demonstrates that the 3D
analysis results are consistent with the actual situation and can therefore meet the engineering
needs.
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