[bookmark: _GoBack]Tenth International Mining Geology Conference 2017 
Paper Number: 2.00

Automated Joint Mapping using the Concentric Shells Algorithm
P. Valenzuela1 (MAusIMM, CP Geotech)
1. Senior Geotechnical Engineer. Rox-Ray, Gilston, QLD 4211, Australia
Email: p.valenzu@yahoo.com.au



ABSTRACT 
Joint mapping is a fundamental input for rock mass characterisation and slope stability analysis. The usual way to do it is using a compass in the field or digitising structures on a screen, with a software package. 
In this paper a method to identify and map joints automatically along a rock face is presented; it is called the Concentric Shells (CS) algorithm. The method scans a point cloud sequentially, tests if selected points are ‘true pivots’ within an inner shell, and then it searches for points inside a wider sphere (outer shell).
The algorithm applied in real data reproduces the main features obtained from Conventional (compass) and Digital Mapping (software package). Execution times are approximately 45 seconds for two point sets holding of 3.1 M (million) points. Obtaining the same results via digital mapping takes approximately 3-4 working days.
Key advantages of this method are: significant time reductions; elimination of mapping bias; and the ability to manage very large data sets (>2M points) without the need scanning the cloud on the screen. These advantages make this method an attractive tool for engineers and geologists wanting to increase productivity. 

introduction 
A routine task by many geologists and geotechnical engineers is to map rock faces, that is, identify and record relevant structures and features. This is the early stage of data collection prior to the analyses. Then, engineers concentrate on structures controlling the stability of an excavation, typically faults, shear zones and joints, and prepare detailed models. 
In the case of joint mapping the key aspect is to identify the structures and measure its orientation and location from a reference point. Traditionally this is achieved using a compass, a measuring tape, pen and paper. Geologists/engineers walk along the wall, visually identify the joints and get the first impression on the joint sets. Next they start annotating the orientations using the compass (dip and dip direction/strike), and other properties (joint alteration, roughness, etc.). Conventional Mapping done this way can take hours or days, depending on the length and complexity of the wall. Once completed the information is entered into a digital database.
Unfortunately, Conventional Mapping is not always possible, as some mine sites or civil works do not allow personnel to enter within a certain distance from the toe of the wall (‘Exclusion Zones’). If there is no physical contact with the wall then the compass cannot be used.
To overcome this access limitation new techniques have been developed in the last decades. They aim to scan the rock face remotely: (Vosselman and Maas, 2010) and photogrammetry (Kraus, 2007). Laser scanning consists of setting a total station next to the rock face and shooting as many points as directed by a machine. The total station captures a ‘point cloud’ with the targeted face plus nearby vegetation, grass, etc. Resulting files from laser scans can be quite large: a 50m by 50m rock face with an average point spacing of 50mm would host 1M (million) points.
The point cloud can also be captured using photogrammetry; in this case point coordinates are calculated from a series of photographs that are combined and processed. 
Be it laser scanning or photogrammetry data points must be loaded onto a software package and then the user must identify as many joints as possible and measure their orientation. This process is named here as Digital Mapping. As it does not require personnel near the rock face it is safer and joints out of reach of the geologist can now be mapped.
However, point clouds obtained from Digital Mapping need a graphic interface to allow rotation and translation of the image and to draw polygons. The problem with this is that plotting and interrogating large datasets (>150,000 points) on the screen is a very slow and tedious job. 
Noting these disadvantages in Conventional and Digital Mapping the question is if there is any way to speed up this process. 
Some attempts to solve this problem have been made by commercial software companies, however they have met technical difficulties due to the geometry of joints in outcrops. Recall that a joint network is a complex system, best described as a fractal: a self-similar object with the same pattern and spatial distribution regardless of the scale (Twiss and Moores, 2007),

PROBLEM DEFINITION
For a given surveyed rock face in 3D (‘point cloud’) the goal is to develop a tool to automate the identification and mapping of joints. The expected outcome is a file with a list of joints or plane surfaces. Each joint shall have records showing orientation (dip/dip direction) and a central point inside the joint/plane surface.
A joint is defined in structural terms as an extension fracture (no shear movement), and more broadly as a planar surface.
The scale of interest is one or multiple benches, say, 10-100m metres high.
MINIMUM REQUIREMENTS AND ASSUMPTIONS
The minimum requirements of the point cloud are as follows:
· Average spacing between points must be equal to 150mm or less, along two different vectors. 
· The point cloud must be free from debris and noise (‘clean’ database).It is recommended that a routine cleans up the database in preparation for the algorithm’s execution. Manual cleaning of large point clouds can take hours/days to be completed.
· The point cloud must be available in Cartesian coordinates and must encompass a rock face or wall within certain practical limits (>3m). 
· The point cloud can host curves or irregular features but the overall shape must be planar.
· At least 10% of points should have a neighbouring point within 150mm. 
If the above conditions are not met then the algorithm will not be able to detect joints.
Before running the algorithm ensure the point cloud has a visible joint network and that the rock is relatively competent. Scans of soils or extremely weathered rock cannot be tested, as there are no structures to map.
CONCENTRIC SHELLS ALGORITHM
Assuming the point cloud meets the requirements from the section above, then the algorithm will copy the point coordinates into a matrix called SP [ ], Surveyed Points. Next, the user needs to define 5 major parameters; these are:

· MAX_JT_L: Is an initial scaling factor. It’s a typical joint length or a median joint length from the observable joints in the cloud. 
· BEARING1: Is the bearing angle of a vector indicating the average wall orientation, in degrees, measured from the North. 
· PLUNGE1: Is the plunge of a vector indicating the average wall orientation. If not entered, it is assumed that Plunge1=0.
· ZF: Is the RL or Z-coordinate of ‘toe’ of the wall. Points below ZF will be excluded. Choose a value that would exclude most, or all, vegetation from the point cloud. If not entered all points will be used.
· W_PART: Is the number of pivots to use in the algorithm, or the number of parts to divide the point cloud. Recommendation is to use W_PART=N/10, being N the initial number of points in the cloud. For example if N=1,000,000 then use W_PART=100,000.

After these parameters are set the Concentric Shells algorithm performs the following steps:

1. Create the Loop: The cloud will be scanned sequentially from 0 to N at intervals 1/W_PART. For instance, if W_PART=1,000 then the Loop will be: L: {i=0*N; i=0.001*N; i=0.002*N, i=0.003*N, …., i=1.000*N}. N is the number of points in the cloud.
2. Select a pivot. Pivots are selected from the rows of matrix SP[ ], according to the values in loop L as per step 1). 
3. Inner shell: Neighbours (‘friends’) around the pivot are searched in the inner shell; the inner shell is a sphere, centred at the pivot, with a radius= Ri (Figure 1). Once the target number of neighbours is reached then the search stops.
4. Combinations: The method considers all combinations of triplets/triangles between two neighbours and the pivot, and between three neighbours (Figure 2). If the number of neighbours is equal to 9 then the combination is 120. Then it calculates the plane coefficients (a, b, c and d) of each triplet using analytic geometry equations. 

4.1) If these coefficients are similar then the as it hosts a plane around it. Coordinates of this plane π are: where and  are the average coefficients from the triplets.

4.2) If the pivot is not true then the method tests the next pivot of the Loop.

5. Outer shell: If the pivot is a ‘true’ then more points are searched within a larger sphere with a radius= Re (outer shell). See Figure 1. If a point is within the outer shell and its distance to plane π is less than a given tolerance then it belongs to a plane π.

6. Orientations and locations: The algorithm calculates the average orientation and a central location of plane π. The central location can be the pivot itself, and is not necessarily the mechanical centroid. 

7. Move to the next point of the Loop, and repeat steps 2) to 6), until i=N. Copy results to an output file and exit.
Once the above steps are completed nearby planes and pivots with similar orientations are amalgamated, and then assembled. This routine is necessary to get a realistic number of joints. Notice that the π planes are temporary objects to produce the planar surfaces/joints.
In essence the algorithm does what geologists do in the field. They will first focus their sight onto a particular point and then scan around it. If the initial point aligns with the neighbouring surface then they will visually identify a joint, and determine the extents of that joint by comparing with other planes, observing changes of colour/shades, touching the wall, etc. Then they will measure the orientation angles of the joint, and move their sight to another point and repeat the process. They will stop when they think they have a representative dataset.
CASE STUDIES
Applications of the CS algorithm on three real datasets is presented next. They are referred to as DB-1, DB-2 and DB-3.
DB-1
Scans of two rock faces on a competent tuff in Brisbane, Australia, were captured using a Riegl VZ400. It achieved an average point spacing of 57mm. Walls are named ‘Upper’ and ‘Lower’ based on their respective locations (Figure 3).
Data collection by the surveyor was completed in about 3hr, and it took approx. 1-2 days to produce the point clouds.
The Lower wall is 60m long, whereas the Upper wall was split in two sections, about 18m long each. Point clouds of these walls contain approximately 3.1M points.
Digital mapping on these images was conducted using conventional software. It took 1-2 working days to clean up the databases (manually) and other 3-4 working days to split the images, load them, draw the polygons and compile the results. Digital mapping was completed to have a reference outcome to compare against the algorithm.
Next, the CS Algorithm was run on a laptop, with 16GB RAM and 2.4GHz processor. It took 45 seconds to get the results on the same (‘clean’) databases.
A comparison of stereonets from Digital Mapping vs CS Algorithm is presented in Figure 4. A series of polygons with symbols highlighting planar surfaces and orientations, as drawn by the algorithm is presented in Figure 5.
Figure 4 shows the results of the algorithm overlapped on the same number of joints digitised manually (Nj=115). A comparison showing all results from the algorithm on the Lower wall is presented in Figure 6.
For the Upper Wall the stereonet comparison is presented on Figure 7 (both with Nj=37), while polygons with symbols from the algorithm are shown in Figure 8.
DB-2:
A 20m by 20m wall from a minesite in North America was scanned with 100-120mm point spacing. The initial wall had some irregular surfaces, possibly debris, so a sample of it was selected for testing (Figure 9, left).
As was undertaken on DB-1, Digital mapping was conducted to have a reference outcome. Joints obtained this way are highlighted in in blue colour (Figure 9, right).
A comparison of stereonets from Digital Mapping vs CS Algorithm is presented in Figure 10. All structures detected by the algorithm are presented. A series of points, in red colour, highlighting the centers of planar surfaces as drawn by the algorithm is presented in Figure 11.
DB-3:
A very large scan of a pit, 4.5M points, was split in 3 groups, and then into sub-sets of 200,000 points. One of these sub-sets is illustrated in Figure 12. The scan was split to ease the loading of points on the screen.
A comparison of stereonets from Digital Mapping vs CS Algorithm is presented in Figure 13. All structures detected by the algorithm are presented. A series of points in red colour, highlighting the centers of planar surfaces as drawn by the method, are presented in Figure 14.
DISCUSSION AND COMMENTS
Stereonets of joints from Digital Mapping vs CS Algorithm show a good comparison from the case studies analysed in this paper. (Figure 4, Figure 7, Figure 10 and Figure 13).
Also notice that the algorithm delivers more information on the stereonet, showing pole concentrations with higher density and also a scatter of random structures (Figure 6). Because of this the algorithm can help eliminating the bias when users map on the screen: usually large and well defined structures are mapped, without noticing the more irregular and smaller joints on the cloud.
The algorithm relies on a clean and thorough point cloud. It must be free of debris (vegetation), must have a close point spacing and, hopefully, it shall have no ‘shadows’ on it. Shadows (Figure 15)are un-sampled areas of the rock face, usually with very flat or very steep angles, out of the reach of the total station.
Shadows can be inferred as real joints by the human eye, but not by the CS algorithm as it doesn’t have enough data to run the calculations. Mobile equipment, such as drones, unmanned aerial vehicles or a mobile scanner (Zebedee) can help in eliminating these shadows 
The CS algorithm is sensitive to key parameters, especially W_PART and the radii (Ri, Re). These parameters must be calibrated depending on the size of the point cloud, how irregular/jointed the rock face is and roughly how many joints are expected. 
Calculations of this algorithm are based on standard techniques from Analytic Geometry (Riddle, 1995; Arenas, Masjuan and Villanueva, 2000; etc). The algorithm’s idea of a central point to be estimated and a neighbourhood (shells) to look for samples (neighbours) is an established practice in Geostatistics (Goovaerts, 1997; Journel and Huijbrechts, 1978; etc). 
CONCLUSIONS 
The CS algorithm was presented in this paper. Results show that it reproduces the main joint sets when compared with existing techniques (Digital or Field Mapping). Usual execution times are 120 seconds or less, depending on the size of the point cloud.
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[bookmark: _Ref477094707]Figure 1: Sketch showing a pivot, an inner and an outer shell
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[bookmark: _Ref477094714]	Figure 2: Example of 5 triangles within the inner shell
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[bookmark: _Ref477096189]Figure 3: Lower (top graph) and Upper wall (bottom) of DB-1
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[bookmark: _Ref477096317]Figure 4: Stereonets from Digital mapping (left) vs the CS Algorithm (right) – Lower wall –DB-1
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[bookmark: _Ref477096330]Figure 5: Polygons drawn on the Lower wall – DB-1 (Long section)
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[bookmark: _Ref477096395]Figure 6: Stereonets from Digital mapping (left) vs the CS Algorithm (right) – Lower wall. Stereonet on the right shows the full results of the algorithm
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[bookmark: _Ref477096658]Figure 7: Stereonets from Digital mapping (left) vs the CS Algorithm (right) – Upper wall –DB-1
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[bookmark: _Ref477096669]Figure 8: Polygons drawn on the Upper wall – DB-1 (Long section)

[image: ][image: ]
[bookmark: _Ref477096862]Figure 9: DB-2. Initial wall (left) and sample (right). Long section view.
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[bookmark: _Ref477097066]Figure 10: Stereonets from Digital mapping (left) vs the CS Algorithm (right) – DB-2
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[bookmark: _Ref477097076]Figure 11: Centers of joints drawn by the algorithm; long section view.
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[bookmark: _Ref477097184]Figure 12: Sub-set of DB-3. Long section view.
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[bookmark: _Ref477097227]Figure 13: Stereonets from Digital mapping (left) vs the CS Algorithm (right) – DB-3
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[bookmark: _Ref477097235]Figure 14: Centers of joints drawn by the algorithm; long section view.
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[bookmark: _Ref477097655]Figure 15: Shadows on a point cloud (Lower wall, DB-1)
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