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ABSTRACT

Auto-identification of rock blocks on 3D models is a useful new tool for rock engineering. It has
the potential, when undertaken with rock engineering professionals, to delineate remotely,
potentially unstable rock blocks associated with adverse discontinuities. An alternative approach is
proposed to semi-automatically delineate rock blocks on 3D meshes, which does not require prior
extraction and fitting of discontinuity planes. The proposed approach starts with trace extraction,
exploiting the fact that the contact between two rock blocks is most often manifested by a trace (i.e.,
an exposed line) on the rock surface. Geometrically, the trace is usually either a concave edge or a
depressed line. These traces are first extracted due to their higher concavity or darkness compared
to their neighbouring mesh faces. After post-processing, the mesh is segmented into sub-meshes
around the extracted trace lines. The algorithms are implemented in Python and are tested on three
rock slopes, including: (1) a rock slope in Ouray, USA,; (2) a natural rock outcrop in Ma Shi Chau,
Hong Kong; and (3) a rock slope in a former quarry currently being redeveloped as part of a large-
scale site development in Hong Kong. Our approach can enrich the rock mapping results and help
identify critical rock blocks which may be at risk of planar failure.

Keywords: Point Cloud, Rock Blocks, Discontinuity Traces

1 Introduction

In recent years, due to the increase in the capability of 3D data acquisition techniques, such as structure-
from-motion (SfM) photogrammetry and laser scanning, accurate 3D models can be readily produced
for rock surfaces. Auto-identification of rock blocks on 3D models is a useful new tool for rock
engineering. It has the potential, when undertaken with rock engineering professionals, to delineate
remotely, potentially unstable rock blocks associated with adverse discontinuities.

Compared with numerous research focused on discontinuity plane extraction and computation
on 3D surface models (e.g., Voge et al., 2013; Assali et al., 2014; Riquelme et al., 2014; Dewez et al.,
2016; Kong et al., 2020; Zhang et al., 2018; Tsui et al., 2021), research centered on rock blocks on 3D
surface models is at an early stage. Relevant research is largely motivated by attempts to estimate the
block size, which is important in various rock mass classification schemes. For example, by statistical
modelling, Mavrouli et al. (2015), Wichmann (2019), and Buyer et al. (2020) can estimate the rock
block size distribution from characteristics of major discontinuity sets derived from the 3D models,
either using equations or a stochastic discrete fracture network (DFN) generator. However,
identification of the actual rock blocks from the 3D model is not required and is not a focus in the above
research.

Chen et al. (2017) proposed a method that can extract regular, six-sided rock blocks formed by
3 discontinuity sets. Long et al. (2021) and Kong et al. (2021) further developed methods to detect rock
blocks with more complex shapes (i.e. those formed by > 3 discontinuity sets), also by examining the
intersection relationship of the discontinuities extracted. By considering discontinuity intersections,
some of these methods are not only able to extract the exposed portions of the rock blocks, but also able
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to reasonably predict the shape of the hidden portion of the rock blocks for volume calculation.
However, these methods can only detect rock blocks wholly bounded by planar discontinuities. Under
actual conditions, exposed rock blocks are frequently bounded by uneven, irregular surfaces on one or
more sides, such as curved fractures formed by blasting, or portions of weathered rock. Whilst these
surfaces may form part of the rock blocks, they may not be planar or persistent enough to be extracted
automatically. This is particularly relevant in Hong Kong, where the granitic and volcanic rock slopes
often contain extensive yet wavy and undulating sheeting joints.

Whilst an estimation of rock block volume is useful, if this is not part of the objective, it is
unnecessary to predict hidden parts of the rock blocks. In this way, we propose an alternative approach
to semi-automatically delineate rock blocks on 3D meshes, which does not require prior extraction and
fitting of discontinuity planes. This is particularly applicable to irregular rock blocks not wholly
bounded by planar discontinuities.

2 Approach and Assumptions

Since only the surface of the rock can be seen, the connectedness of the concealed portions of the rock
blocks is uncertain. When geologists identify rock blocks on the rock surface, the identification is
interpretive, with assumptions on the subsurface block contacts. Similarly, our semi-automatic block
delineation approach is also interpretive and is based on the following two principal assumptions:

1. The contact between two adjacent exposed rock blocks will be exposed as a trace (i.e., an
exposed line) on the rock surface. Geometrically, the trace is usually either a concave rock edge
or a line of narrow opening. In terms of color, the line is often darker than its surroundings due
to shadow. An example is shown in Figure 1.

2. Blocks are fully separated from adjacent rock blocks by the exposed traces on the rock surface.

Dark trace

1 v (slightly concave only) A-A

w

: ACurve(_ﬁs_urface

s | ™
Concave trace B ’ \
2% 3 > ,\ Adjacent  © )\ Concave trace
Dark trace ; : ) Gl o A
Concave trage ™ - = -
"y a TN A

" Discontinuities
MO (assume
C = persistent
oncave enough to
- (Concrete buﬁr& trace S disconnect

adjacent

Concave
trace

S

Concave
trace

Figure 1: Example of a rock block with curved surfaces on a granite cut slope and the interpreted
cross-sections. The contacts between the rock block and adjacent blocks are either concave edges or
dark traces

The procedures of the proposed block delineation are summarized in Figure 2. Following assumption
(1), the proposed approach starts by extracting traces, i.e. mesh faces representing concave rock edges
or dark lines on the rock surface. These initial traces comprising the concave edges and the dark lines
and are then combined. A threshold is set on the minimum number of faces contained by a connected
trace group to reduce small, scattered noise. At this stage, some traces may not be extracted fully and
are disconnected at place. In order to enhance the connection, dilation is then applied to the traces. In
other words, a mesh face is recognized as part of the traces as long as any one of its closest k neighbors
(where k is user-defined based on the resolution of the mesh) is classified as part of the traces. At the
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end of this stage, the final traces form connected networks spanning most of the mesh to separate
individual blocks.

In the next stage, the extracted traces are removed from the mesh. Individual rock blocks are then
separated into isolated mesh components. Each isolated component of the mesh is then labelled as an
individual rock block.

The initial result of the block delineation contains holes left by the traces. For noise reduction, a
threshold is set on the minimum number of faces contained by the blocks to avoid tiny groups of mesh
faces from being labelled as blocks. To restore the blocks’ boundaries and to fill holes in the delineated
mesh, mesh faces belonging to the traces or the discarded rock blocks are simply grouped into their
closest labeled blocks.

1. Trace extraction —> Extracted traces
Calculate concavity and curvature i
Convert RGB to grey scale 2. Block delineation
Remove extracted traces from the mesh
Calculate relative darkness of ¢
Extract highly each mesh face compared o
concave and non- with neighbourhood Label each individual mesh component as a block
planar mesh faces ¢ l
Extract relatively dark mesh
faces (also not highly planar Initial delineated blocks (with holes)
and not highly convex) ¢
‘ 3. Post-processin
Concave traces Dark traces b £
\ ¢ J Combine Discard tiny mesh groups (noise)
Groups traces based on mesh connectivity Restore block boundaries and fill holes, by
grouping unlabelled faces into their closest block

Remove tiny trace groups (noise)

Figure 2: Procedures of block delineation

Our approach is implemented in Python scripts. The analysis relies heavily on the following widely
used, well tested and free Python packages, as shown in Table 1:

Table 1: Python packages used in the analysis

Python packages Usage
Trimesh (Dawson-Haggerty et al. 2019) | Mesh input / output, general mesh manipulations
NumPy (Harris et al. 2020) Principal component analysis, and other operations on matrices
SciPy (Virtanen et al. 2020) Finding connected components on meshes; k-nearest neighbor
search

3 Application of Block Delineation

The most crucial part of our approach is trace extraction. Various semi-automatic trace extraction
workflows have already been proposed for 3D surface models of rock mass, which operate on meshes
(Umili et al. 2013, Li et al. 2016, Cao et al. 2017, Guo et al. 2019, Zhang et al. 2020), point clouds
(Thiele et al. 2017, Guo et al. 2018), grid cells (Bolkas et al 2018), or a combination of point clouds
and images (Zhang et al. 2019, Lee et al. 2022). Comprehensive reviews of most of the above trace
extraction techniques can be found in Battulwal et al. (2020) and Umili (2021).
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Most trace extraction methods are based on geometry (e.g., curvature) alone, while some are
based on colours (i.e., RGB values) alone. Few (e.g., Guo et al. 2019) consider both geometry and
colours at the same time. While most point clouds produced by SfM photogrammetry or terrestrial laser
scanning are coloured nowadays, occasionally the RGB values are not available. Therefore, we tried
two cases, one only extracts concave edges based on geometry, while the other also extracts dark lines
by considering RGB values.

3.1 Block Delineation Based on Concave Trace

The point cloud data generated from terrestrial laser scanning of a quartzite rock slope in Ouray,
Colorado, USA was selected as a trial. The point cloud was originally hosted in the Rockbench
repository (Lato et al. 2013) and has been widely used in digital rock mass research (e.g., Riquelme et
al. 2014, Li et al. 2016, Guo et al. 2018). The rock slope is approximately 20m long by 15m high. The
retrieved point cloud was not colored. Meshing was performed in CloudCompare (CloudCompare
2017).

Figure 3: Roadside cut slope in Ouray, Colorado. Originally hosted in the Rockbench repository
(Lato et al. 2013)
However, for block delineation purpose, we need to extract concave faces only. To extract
concave mesh faces as traces, we estimated the concavity ¢ of each face by

c=(fx—f)n (1)

Where f is the position vector ([X, Y, z]) of the centroid of the mesh face, f is the mean position of the
centroids of the k-nearest neighbours of the face, and n is the unit vector along the direction normal to
the mesh face.

The computed concavity on the mesh is shown in Figure 4 (Right). However, the results contain
significant noise which is difficult to be differentiated from the true edges, mostly due to natural

undulations which create concave spots and patches (i.e., irregularities) on the rock surface.
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Itis found that incorporating the curvature can improve the results, as the neighbourhood of the
concave undulations are in fact generally planar. Due to ease of computation, the method used in
Riquelme et al. (2014) and Wang et al. (2017) for checking planarity was used to estimate the curvature.
To estimate the local curvature (o) of a face, eigendecomposition is carried out on the covariance matrix
of the centroids of its neighbouring faces. This gives three pairs of orthogonal eigenvectors and
eigenvalues (11, 42 and A3, where 11 > 12 > A3). Curvature o can then be estimated by Pauli et al. (2002):

yl
a =al+/123+/13 )

The calculated curvature on the mesh is shown in Figure 4. Based on trial and error, mesh faces
with the 30% highest concavity and the 40% highest curvature are extracted as concave traces. After
refining the traces and delineating the blocks following procedures as discussed in Figure 2, the final
traces and the block delineation results are shown in Figure 5.

The results show that the delineation is overall satisfactory and that the larger blocks, such as
the three rock slabs on the crest of the slope, are extracted rather accurately. In the more fractured areas,
e.g. close to the left toe of the rock slope, the block boundaries are less accurate.

Extracted concave traces Delineated blocks (random colors)

Figure 5: Results of block delineation on the rock cut in Ouray

3.2 Block Delineation Based on Concave Trace and Dark Trace

A rock outcrop in Ma Shi Chau, Hong Kong, is selected to test block delineation based on concave and
dark traces. The rock outcrop is approximately 2m long and comprises sandstone from the Permian
Tolo Harbour Formation. Since the outcrop is located along the coast, the surface is weathered and
relatively rounded due to coastal erosion. The outcrop contains multiple sets of discontinuities which
form networks of traces on the surface (Figure 6). The point cloud was generated by SfM
photogrammetry from 24 photos using the software Agisoft Metashape Standard. The point cloud was
scaled and orientated accurately based on reference objects in the field. Meshing was carried out in
CloudCompare (CloudCompare, 2017).

Trace-extraction methods based on colours (Guo et al. 2018, Zhang et al. 2019, Lee et al. 2022)
make use of sophisticated edge-detection algorithms on 2D images to extract the edges or dark lines
and map the traces back to the 3D surface models. In this study, we just compute the relative darkness
(i.e., opposite of brightness) of individual faces by comparing their brightness to the average brightness
of their k-nearest neighbourhood directly, which appears to work well enough to recognize the dark
traces (Figure 7). To simplify the calculation, the RGB values are first converted to grey-scale
brightness by taking average of the RGB values. The equation for the relative darkness is simply as
follows:

Relative Darkness = Bx/ B 3)
Where B is the brightness of the mesh face and By is the average brightness of the k-nearest
neighborhood of the mesh face.
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In this study, traces with the 35% highest relative darkness are extracted, based on trial and
error. Extraction of traces based on relative darkness are capable of extracting traces which are less
concave compared to those extracted purely based on geometry, i.e. concavity and curvature (as shown
in Figure 7).

However, since a few locally dark areas (such as weathering stains) are still extracted
inaccurately as traces, we further add constraints based on the concavity and the curvature on the dark
traces to filter faces with low concavity and curvature. Finally, these are combined with the extracted
concave traces and are refined according to procedures in Figure 2. The final traces and the block
delineation results are presented in Figure 6 and these are in overall good agreement with the visual
interpretation. The results show that our approach can work on rock blocks bounded by weathered
surfaces as well.

All extracted traces Delineated blocks (random colors)

Figure 6: Block delineation of the rock outcrop in Ma Shi Chau

| CE—
Relative e
darkness _

traces (magenta) and processed
concave traces (dark grey)

Figure 7: Extraction of traces based on relative darkness
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4 Engineering Application — Potentially Unstable Blocks

A possible engineering application of block delineation is to delineate potentially unstable rock blocks.
Previously we presented an approach to detect intersections which indicate potential planar sliding
blocks in Tsui et al. (2021). The technique has the advantage of not requiring to assume a uniform slope
orientation, compared to traditional kinematic analysis based on stereonets. In the case study provided
below, we use the technique in conjunction with block delineation to give more relevant results.

This application is tested on an existing rock slope at a former quarry in Hong Kong. The rock
slope was formed with a slope face dipping at 60° and predominantly comprises Grade Il granite. The
slope was surveyed by an unmanned aerial vehicle (UAV). A point cloud was constructed from the
UAYV photos by SfM photogrammetry using the software Agisoft Metashape Standard. Georeferencing
was carried out with reference to ground control points. An area measuring approximately 15m long by
8m high, which does not contain vegetation and man-made structures, was selected for analysis (red
box in Figure 8). The slope was also mapped manually on an elevated working platform.

5 ] - ."‘j.‘ 11

Figure 8: Photo of the studied existing slope at a former quarry in Hong Kong. Red box: studied
portion

Following the procedures in Figure 2, we extracted both concave traces and dark traces on the mesh
(50% highest in concavity and 40% highest in curvature, with 10% highest in relative darkness) based
on trial and error. The delineated blocks are shown in Figure 9. Overall, the results are consistent with
our visual interpretation, except that the block boundaries are less accurate at the right toe of the slope
where the rock is more heavily fractured.

Mesh Delineated blocks (random colors)

Figure 9: Results of block delineation
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Our intersection-based planar sliding detection approach works by checking whether concave edges
exist above an extracted discontinuity, as this indicates that the discontinuity is “daylighting” and a
block may be present on top of it. If a daylighting discontinuity dips steeper than the friction angle, the
block may slide along its surface. Our first step is to extract the discontinuities on the slope by the
approach used in Tsui et al. (2021). The results are shown in Figure 10. For demonstration purposes
only, a low friction angle (25°) was adopted to search for any potentially adverse daylight-indicating
intersections, such that more unstable blocks are yielded in the demonstration exercise.

PR ™

Joint extraction (random colors) Daylight-indicating intersections

Figure 10: Results of joint extraction and search for potentially adverse daylight-indicating intersections
(yellow arrow: invalid intersection)

In the next stage, we check whether the daylight-indicating intersections are really located at
the base of any blocks. This step is carried out because the search for daylight-indicating intersections
often picks up rock undulations which have no apparent side release mechanism (e.g., yellow arrow in
Figure 10). To some extent, by checking with the block delineation results, this step also takes into
consideration the availability of side release surfaces.

The interpreted, potentially unstable blocks are shown in Figure 11. Overall, the results are
similar to those from our mapping, although the mapping also identified areas with potential ravelling
and rockfall mechanisms, which are not checked in this semi-automated approach. A few small blocks
were also missed in the semi-automated approach, due to inaccurate discontinuity or block boundaries.

Front

Figure 11: Highlighting potentially unstable blocks associated with adverse discontinuities

5 Discussions

5.1 Advantages

Our approach of block delineation has the following advantages:
1. It does not require prior discontinuity plane extraction and it is not affected by the performance
of the plane extraction process. In addition, block detection techniques based on plane
extraction may not be applicable when the exposed discontinuity planes are limited, for
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example, the rock outcrop in Ma Shi Chau (Section 3.2). Extraction of traces is a more versatile
solution in this situation.

2. Rock blocks not wholly bounded by planar discontinuities (e.g., partially bounded by weathered
surfaces) can also be delineated. This is particularly relevant in Hong Kong where rock blocks
may be located above irregular sheeting-like joints in weathered granite and volcanic rocks.

3. In rock slope mapping, it is not routine to interpret the block boundaries on the whole slope.
Our approach provides a semi-automated way to do so, which may enhance the mapping results.
In addition, delineating blocks on the rock slope can assist in rock mass characterization.

4. When linked with kinematic analysis, the results may help locate potentially unstable planar
blocks for stabilization. A quick analysis can be carried out remotely as a preliminary safety
check before direct rock slope mapping is undertaken. This is also an alternative solution when
only remote (i.e. indirect) mapping can be carried out.

5. The entire block delineation process from trace extraction to post processing is very quick
(completed under 3 minutes) on a computer with Intel Core i7-9750H and 32 GB RAM. For
reference, the meshes in the case studies contain 1.9 million to 8.8 million faces, with surveyed
areas ranging from approximately 3m? (for the rock outcrop) to 120m? and 300m? (for the rock
slopes).

5.2 Limitations

1. This approach assumes that the contact between two adjacent exposed rock blocks will be
exposed as a trace on the rock surface. However, extremely narrow joints (i.e. with small
aperture) which appear as very thin dark lines and are not obviously concave may still be missed
in the trace extraction. As a result, two blocks may be labelled as one.

2. This approach assumes that blocks are fully separated by exposed traces on the rock surface.
However, in reality, the true subsurface persistence of these discontinuities is not known. In
addition, these are also likely to contain rock bridges which still connect the adjacent blocks.
Whether or not there are discontinuities 'hidden’ at the back of the block to disconnect it from
the overall rock mass, is also not known. Figure 12 illustrates the above uncertainties.
Therefore, the delineation is a conservative interpretation.

Adjacent block Adjacent block

Discontinuity with

low persistence
Concave

trace

Concave

trace Block

“Hidden” discontinuity
at back of block

—

\ Adjacent block |
Rock bridge on discontinui

Figure 12: Schematic cross-sections showing two possible scenarios when a block is seemingly enclosed by
concave traces on the surface. Left: The block is isolated. Right: The block is still connected with adjacent
blocks.

3. The approach works for concave rock blocks (Figure 13, left). However, if the rock block
contains areas enclosed by sharp concave edges, these areas may be misidentified as separate
blocks (Figure 13, right). In addition, the approach does not perform well for highly fractured
areas, as these areas are full of extracted traces that mask the blocks.
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Figure 13: Example of a rock block with areas enclosed by sharp concave edges (Right) and
one which does not (Left)

Area enclosed by
sharp concave edges

4. The approach relies on the user to set various thresholds to extract the traces and the post-
processing steps. These thresholds need to be fine-tuned as these are specific for each site and
depends on the resolution of the mesh.

5. Inour last case study (Section 4), we only focused in planar sliding, which is just one mode of
block failure mechanism. Other mechanisms, like toppling and wedge failures, are not
considered at present, especially for small blocks or discontinuities of very low persistence. In
addition, the discontinuity characteristics such as infilling, roughness, and alteration, are not
taken into account.

5.3  Further investigations

Potential further investigations to improve the method include:

1. To carry out more case studies to find automatic ways to define the thresholds. Machine-
learning approaches can be explored.

2. To modify the approach such that it can be applied on point clouds directly instead of meshes.
Point clouds retain more information than meshes.

3. To estimate the volumes of the extracted blocks, for example, by using convex hull on the
exposed portions of the rock blocks. Our current approach cannot directly calculate the block
volume, as it does not predict hidden parts of the rock blocks.

6 Conclusions

This study proposes and describes an alternative, semi-automatic approach to delineate rock blocks on
3D meshes of rock surfaces based on traces. The proposed block delineation approach relies on the
extraction of concave traces and dark traces based on curvature and colours respectively. An area on
the mesh which is enclosed by concave or dark traces is then interpreted as a block. Our approach is
demonstrated satisfactorily for three case studies involving a natural outcrop and two rock cut slopes,
one of which is a mapped rock slope in Hong Kong. In one case study, we identified intersections
associated with potential planar failure and linked these with the delineated blocks to highlight those
blocks that are potentially unstable. Although these semi-automatic techniques cannot replace field
verification by geologists, our approach can enhance the field mapping results, assist in locating areas
which require stabilization and enhance the site safety.
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