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A B S T R A C T

Terrestrial Laser Scanning (TLS), widely known as light detection and ranging (LiDAR) technology, is
increasingly used to obtain rapidly three-dimensional (3-D) geometry or highly detailed digital terrain models
with millimetric point precision and accuracy. In this contribution, we proposed a simple and unbiased
approach to identify fractures directly from 3-D surface model of natural outcrops generated from TLS data and
thus acquire surface density, which can provide important supplement data for fracture related research. One
outcrop from the Shizigou anticline in the Qaidam Basin (NW China) is taken as the case to validate the method
and obtain optimal parameters, according to the references of surface density measured in the field and from the
photos taken by high-resolution camera. The results show that with suitable parameters, the proposed method
can identify most structural fractures quickly, providing a solution of extracting structural fractures from virtual
outcrops based on TLS data. Furthermore, it will help a lot in analyzing the development of fractures and other
related fields.

1. Introduction

Fractures widely develop in rocks of various lithologies and are
important for understanding the deformation mechanism (e.g., stress-
strain property) in a specific area (Olson et al., 2009; Strijker et al.,
2013; Zeng et al., 2012a). They reduce the rock strength by breaking
the internal coherency, inducing geological hazards (e.g., landslides
and debris flow) and increasing risk of collapse of buildings on the
rock. On the other hand, however, they can form good reservoirs in
tight sandstones, such as the Paleogene Ganchaigou Formation in the
Qaidam Basin of western China (Feng et al., 2013; Li and Wang, 2001),
and therefore play a significant role in oil & gas exploration (Gale
et al., 2007; Olson et al., 2009). Recent studies of fractures are
generally based on direct measurements in the field (Awdal et al.,
2016; Watkins et al., 2015; Su et al., 2014), analysis of borehole
loggings (Lacazette, 2009; Prioul and Jocker, 2009) and signal proces-
sing of high-resolution seismic data (Hart, 2006; Lohr et al., 2008;
Masaferro et al., 2003). Among them, field measurement is the most
prevalent way of high precision and accuracy, but usually time-
consuming, dangerous and limited by reach of measurement. A new
way of extracting fracture-related information (e.g., fracture geome-
tries, surface density) efficiently, safely and precisely is quite necessary.

Currently, non-contact measuring techniques, such as photogrammetry
and LiDAR (Light Detection and Ranging), provide alternative ap-
proaches to in-situ measurement of fractures from high resolution
images and 3-D point clouds of rock mass exposures.

The two-dimensional (2-D) image detection method (photogram-
metry) extracts fractures according to changes of pixel intensities, and
can be implemented both manually and automatically. Image auto-
detection based on edge detection algorithms (Bao et al., 2015; Canny,
1986; Lopez-Molina et al., 2013; Sun et al., 2016) is faster and more
objective than the manual one. Whilst, it is influenced largely by quality
of the images (e.g., resolution, exposure, light condition), and the
results usually contain much meaningless information (Ferrero et al.,
2009). Image-based fracture identification, both manually and auto-
matically, faces a nearly insurmountable problem of how to extract
convincing information of fractures, which are 3-D in nature, from 2-D
photos.

The Terrestrial Laser Scanning (TLS), an emerging LiDAR technol-
ogy that provides high-resolution 3-D topography (millimetre accu-
racy) and color images of field outcrops, has been gradually changing
the situation (Buckley et al., 2006, 2008) in recent years. Terrestrial
Laser Scanners are now small enough to be taken to the field even in
tough geographic conditions, and able to capture outcrops (including
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topography and surface color) with high accuracy. Because of these
advantages, a growing number of applications has been put forward in
various fields, including engineering construction (Wang et al., 2014),
agriculture and forestry managements (Liang et al., 2016; Ouédraogo
et al., 2014), monitoring of topography and channels (Goodwin et al.,
2016; Kuo et al., 2015) and particularly rock surface information
extraction (Ahlgren and Holmlund, 2003; Hodgetts, 2013; Slob et al.,
2002; Sturzenegger and Stead, 2009). Two kinds of approaches were
proposed to detect fractures using 3-D TLS surface data, based on
intersection lines between the fitting planes of rock mass surfaces (Slob
et al., 2007; Gigli and Casagli, 2011) and the principle curvature of the
vertices on the digital surface model of the rock mass (Umili et al.,
2013) respectively. However, these two approaches are both indirect
ways to identify fractures from TLS data, and the results rely generally
on the data pre-processing. For instance, result of the former approach
highly depends on the goodness of fitting planes and segmentation
accuracy of the rock mass; whereas that of the latter one is largely
influenced by the mesh quality and smooth degree.

In this paper, we proposed a new and simple approach to identify
fractures directly and thus acquire surface density from 3-D surface
model of natural outcrops generated from TLS data. We take one
outcrop from the Shizigou anticline in the Qaidam Basin (NW China)
as the case to validate the method and obtain optimal parameters. The
results show that the proposed method can detect the fractures well
and eliminate most redundant information if suitable parameters are
chosen. Though requiring further improvement, the method provides
for the first time an unbiased way to identify fractures, so that results
from different data sources and interpreters can be well correlated. We
believe that it will help a lot in analyzing the development of fractures
and other related fields.

2. Data collection and pre-processing

Our study is based on TLS data collected from a Riegl VZ-1000
Terrestrial Laser Scanner with highest resolution of 3 mm. It's one of
the mostly commonly-used scanner machine, and designed to be easily
manipulated in the field. The scanner is equipped with a calibrated
Nikon D300 digital camera mounted rigidly on top of the instrument
body. Captured digital images are therefore registered to the scanner
coordinate, allowing the RGB color to be later assigned onto the 3D
geometry (McCaffrey et al., 2005; Hodgetts, 2013).

Selecting appropriate outcrops for study is also of great importance
for data collection, and we followed the four rules proposed by Enge
et al. (2007) in the selection process: (1) suitability to the problem, (2)
easy accessibility, (3) high quality (void of vegetation) and (4) high level
of three dimensionality. The sensor must be positioned as orthogonally
to the target as possible to gain the best scanning data.

Data pre-processing in this paper contains four steps. The first is
the scan registration and interest area selection. A scanning survey
usually contains several scan positions (sites) in order to get a complete
coverage of the target outcrop (Buckley et al., 2008; Hodgetts, 2013). It
is therefore quite important to merge data (called as “registration”)
from different sites together, because it affects directly the precision
and accuracy of the data for analysis. We usually use artificial tie-points
to ensure the veracity of data merging. The second is to clean and
decimate vegetation and other obvious redundancies which can be
conducted easily in Riegl Pro manually or automatically. The third step
is data resampling and export. The point cloud data of the interest
region is resampled with a specified precision according to the research
requirement, and then exported as any format containing 3-D coordi-
nates (x, y, z values) under Scanner's Own coordinate system (SOCS)
whose origin is closely related to the scanning targets (Fig. 1a).
Fourthly, a noise reduction algorithm is performed on the exported
point cloud data to reduce the noise caused by dust, particle and
dynamic disturbances in the open scanning environment (Khoshelham
et al., 2011). Eventually, we could obtain a point cloud data which is

just the interest region with a little noises.

3. Fracture extraction

3.1. Triangulation

Triangulation is to link the point cloud via a series of triangles with
the aim of producing a solid surface (mesh, triangulated irregular
network) that is essential to identify fractures (Buckley et al., 2008;
García-Sellés et al., 2011). It is possible and appropriate to form a solid
surface from a point cloud data, as a 2-D Delaunay triangulation
(Delaunay, 1934) finds the best criteria for triangle creation auto-
matically from projected points (McCullagh, 1998). In contrast, the 3-D
Delaunay methods is proved to be unqualified as to generate loads of
unexpected surfaces and edges, where points of all directions are
connected on 3-D adjacency to form a solid instead of a plane. To solve
this problem we follow the procedure proposed by Buckley et al. (2008)
and García-Sellés et al. (2011) to generate 2-D mesh from the projected
point cloud (Fig. 1).

We firstly project the 3-D points onto a plane. The plane is usually
chosen as the one which is perpendicular to the scan direction with
angles and distances known relative to the instrument position (xy
plane in the SOCS, Fig. 1A and B) because (1) it is normal to and thus
reflects most details of the target outcrops, and (2) least points overlap
on this plane after projection. The 2-D topological relationship is then
generated following the 2-D Delaunay triangulation method (Delaunay,
1934; Fig. 1B). And lastly, the 2-D topological relationship is projected
back to form a 3-D mesh according to the different z values of different
points, and the topological relationships among different triangles
remain unchanged after the transformation (Fig. 1B and C).

3.2. Fracture identification

We proposed a new and simple algorithm to identify structural
fractures directly from the constructed 3-D mesh. The structural
fracture line of natural outcrops generally has sharp edges, and is
created by the intersections of different neighboring planes. The
algorithm is based on the assumption that structural fractures can be
geometrically identified as sharp edges of neighboring planes with large
angles. It is therefore reasonable to determine whether a line should be
marked as part of a fracture (or fracture segment) by comparing the
intersecting angle of the two related surfaces with a threshold angle (α).
If the angle is larger than α, we regard the line as a fracture segment
and mark it as red (Fig. 2).

The identified fracture segments following the above algorithm are
usually discrete with plenty of noises caused mainly by weathering,
rock collapse etc. We put forward three steps to eliminate these noises
and obtain as much useful information as possible (Fig. 3). The first
step is to get fracture lines by connecting adjacent fracture segments
that are within a certain number of mesh segments (N) by using
breadth first search algorithm (Donald, 1999; Fig. 3A). In practice, N is
usually regarded as a constant value between 0 and 4 and we use 2 in
this paper (purple circled in Fig. 3A). Through this step, related
fracture segments are connected together and named as new fracture
line. This makes the identified fracture lines more continuous and
helps users to judge whether the fracture lines are real or not.

The second step is to delete the redundancies of fracture lines (as
indicated by purple circles in Fig. 3B) by using minimum spanning tree
algorithm (Pettie and Ramachandran, 2002). The redundancies mainly
refer to the bifurcate fracture segments on a fracture line. Through this
step, most furcation on fracture lines are clipped, making the identified
fractures more straight.

The third step is to delete the fracture lines containing fewer
fracture segments than a specified number (M) as marked by purple
circles in Fig. 3C. The threshold delete number (M) of fracture
segments is also regarded as a constant value and specified as 10 in
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this paper according to data resolution and research purpose. Through
this step, short fracture lines that are not in the research scope or
unnecessary are removed, further reducing the unnecessary noises
caused by rock collapse and weathering etc.

3.3. Surface density acquirement

There are generally three methods to obtain structural fracture
density, including line density, surface density and volume density
(Dershowitz and Herda, 1992), in which surface density is the best
method since it is a good proxy to quantify the development of
fractures in a specific area. All the triangle mesh and lines are projected
to the projection plane (the xy plane in Fig. 1A) to obtain L∑ and S.
Then the fracture surface density is calculated using the following
formula:

f
L

S
=

∑
(1)

Where fmeans the surface density, L∑ represents the sum of projected
fracture lengths, S represents the projected area.

4. Case studies and calibration of parameters

We now use the TLS data collected in the Shizigou anticline of the
western Qaidam Basin (NW China) to validate the proposed method.
We also measured the fractures in the field and on the photographs at
the same outcrop to calibrate the result and obtain optimal values of
the two parameters: the threshold angle (α), and the spatial resolution
(R) of exported data.

4.1. Geology background

The Qaidam Basin, with an area of 120,000 km2 and an average
elevation of ~3000 m, is the largest petroliferous sedimentary basin
inside the Tibetan Plateau, northwest China. It is surrounded by the
Altyn Tagh Fault to the northwest, the Qilian Mountain to the north-
east and the East Kunlun Mountain to the south (Fig. 4). A number of
anticlines and synclines were formed inside the basin due to intense
NE-SW-directed crustal shorting in the Late Cenozoic (Zhou et al.,
2006; Wu et al., 2014), including the studied NW-trending Shizigou
Anticline in the southwest. The Shizigou anticline formed under the
control of a NE-dipping thrust, and thus has a steep southwest limb
and a nearly flat northeast limb (Fig. 4). The rocks exposed in the
Shizigou area are basically late Cenozoic, and composed mainly of non-
marine sandstone, siltstone, mud stone and conglomerate. Contacts
between these formations are generally conformable. Rocks are well
exposed with abundant structural fractures along the valleys crossing
the anticline, bare of vegetation and easily reached by vehicles, making
itself a suitable place to verify the usability of the method proposed in
this paper. There is also a big fractured reservoir for hydrocarbon in
tight sandstones in the Shizigou anticline (Xiao et al., 2012; Zang et al.,
2012; Wu et al., 2014; Zeng et al., 2012b), which makes the study here
more meaningful.

4.2. Measurement in the field

Fig. 5 shows the studied outcrop in the core of Shizigou Anticline.
The exposed rocks consist mainly of mudstones and sandstones of late
Miocene age. We measured the fractures in the field and detected
fractures indoors manually on high-resolution images (Fig. 5B), and
the calculated surface density is 0.93 m−1.

Fig. 1. Explanation for the triangulation of point cloud data. We assume Z axis direction as the scan direction so that the x-y plane is the projection plane. The left numbers represent the
serial number of each point. A. Display of the point cloud in the 3-D space. B. All the points are projected to the projection plane and 2-D Delaunay triangulation is carried out to get the
topological relationship. C. The 2-D topological relationship is projected back to the 3-D point cloud to get a 3-D mesh.

Fig. 2. Sketch map showing the mark of fracture identification results on 3-D mesh. The
potential segments of mesh are marked in red according to the angle between two
adjacent triangle planes.
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4.3. Fracture identification and calibration of parameters

We used the Riegl VZ-1000 to scan the outcrops in the research
area, and obtained the digital point cloud data of the target outcrop.

The above proposed method (Fig. 3) was applied to identify structural
fractures, and a quantified surface density number is calculated as a
metric to evaluate the two important parameters: threshold angle (α)
and the resolution (R) of exported point cloud data. We try to establish

Fig. 3. Flow of identifying structural fractures. A. Get the original fracture segments. (The small line segments are used to simulate original fracture segments) B. Connect the small
segments circled in A to obtain a fracture line by adding some small segments. C. Delete the unnecessary fracture segments which are circled in B to obtain straight lines. D. Delete the
fracture lines containing fewer fracture segments than a specified number which are circled in C.

Fig. 4. Simplified geological map of the Shizigou Anticline of the western Qaidam Basin with location of the research point shown by the black point. Inset in the left bottom is the DEM
map of Tibetan Plateau and adjacent areas, and the black point marks the location of the Shizigou Anticline. ATF=Altyn Tagh Fault, EK=East Kunlun Mountain, QB=Qaidam Basin,
QL=Qilian Mountain, TB=Tarim Basin, SB=Sichuan Basin.

T. Cao et al. Computers & Geosciences 106 (2017) 209–216

212



a self-adaptive way to obtain the optimal values of these two para-
meters, which can provide a method to specify appropriate values of
parameters for any case.

We use the data to test most possible values of these two
parameters, angle between 30° and 80° with a step of 5° and resolution
between 0.01 m and 0.15 m with a step of 0.01 m. The surface density
value of each pair of angle and resolution is shown as Fig. 6A.
According to the 3-D graph, we can see that the density value decreases
with angle and resolution. In addition, we’ve got the contour map of
surface density values influenced by angle and resolution (Fig. 6B), so

as to know the density variation trend with angle and resolution. As can
be seen from the contour map, surface density decreases with both
angle and resolution.

In order to explore the influence of R more clearly, the density
variation with resolution (between 0.01 m and 0.15 m with a step of
0.01 m) at three representative angle (35°, 40°, 45°) are extracted
individually (Fig. 6C). Meaningfully fracture surface density varies
pretty smoothly when the resolution is larger than about 0.1 m,
signifying the breakthrough point of resolution and indicating the
most prominent part with much less redundancy. 0.1 m is exactly the

Fig. 5. A. Outcrop photos of the research point of this paper, interbedded mudstone and sandstone. B. The result of fracture identification manually on an image with surface density
0.93 m−1.

Fig. 6. A. The three-dimensional diagram of angle and resolution influence for surface density. B. The contour map of surface density values influenced by angle and resolution. C.
Resolution influence diagram at three representative angle (vertical lines in B) to obtain the optimal resolution, here the green line represents the best resolution value 0.10 m. D. Angle
influence at three representative resolution (horizontal lines in B) to obtain the optimal angle value, we can obtain better results in the green triangle angle range and the green line
suggests 45° as the best angle value.
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shortest fracture line expected to be identified considering the scale of
target fractures, therefore the length of the shortest fracture line
expected to be identified can be specified as the optimal resolution
value. Moreover, the density variation with angle (between 30°and 54°
with a step of 2°) at three representative resolution (0.05 m, 0.10 m
and 0.15 m) are extracted individually (Fig. 6D) to obtain optimal angle
values. From these graphs and the identified results, the identified
results are too less when α is bigger than about 55° and the identified
results are too complicated when it is smaller than 30°, therefore the
results will be more accurate when α is between 30°and 55°. Analyzing
the results in the specified angle range, the surface density varies
slower when the angle increases to about 45°, suggesting a more stable
point which means stable results and less redundancy. Therefore angle
of 45° and resolution of 0.1 m are regarded as the most appropriate
values to identify fractures with this method for this case.

Representative identification results at different resolutions and
angles are shown in Fig. 7. They show that higher resolution (Fig. 7 A,
B and C) or smaller angle (Fig. 7A, D and G) results in more
redundancies that may be caused by weathering, rock collapse, etc.,
while lower resolution (Fig. 7G, H and I) or bigger angle (Fig. 7C, F and
I) leads to more omission of truly structural fractures. According to
fracture scale expected to be identified, the proposed method can
accurately identify most of the structural fractures of the data with
optimal parameters: α of 45° and R of 0.10 m, under which condition
the density value is very close to the value collected from the image

(Fig. 5B). Almost 60% of each structural fracture line can be identified
with optimal parameters (Fig. 7F) with little redundancies, compared
to the real ones marked in the photos (Fig. 5B), including the ones
nearly vertical and horizontal. We can conclude from the case that
resolution influences the scale and angle influences the type of
structural fractures expected to be identified directly in this method.
We regard the most appropriate values are: α=45° and R=resolution of
the shortest fracture expected to be identified (i.e., it depends on the
scientific scope).

5. Discussions

The method proposed in this paper can identify structural fractures
based on TLS data to evaluate fracture development with many
superiorities. Compared to the principle curvature (Umili et al.,
2013) method, the detected lines contain more fragmented information
which may be small scale fractures. Some structural fractures neglected
easily by human operation can be identified within seconds accurately
compared to field measurement and image detection. In addition, we
can get different types and scales of fractures by confirming different
values of threshold resolution and angle, and a quantified surface
density value can be obtained to evaluate the development of structural
fractures.

The shortcomings of the method can be summarized as follows: (1)
the detection results are not straight lines as manual detection because

Fig. 7. Representative identification results with different angles and resolutions. The horizontal direction displays the angle comparison and the vertical direction displays the
resolution comparison for identification results.
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of the mesh quality and the method itself. Improving the quality of
outcrops as much as possible and resampling point cloud data to make
larger triangle meshes can solve this problem to some degree. (2) The
method can’t differentiate bedding from structural fractures which is
an inevitable problem in identifying structural fractures, therefore
reducing the bedding boundary area in data selection step is one way to
avoid this type of disturbance.

6. Conclusions

A wide range of fields are now making use of TLS data because of its
high precision and accuracy. This paper proposed a simple and
unbiased approach to identify fractures directly from 3-D surface
model of natural outcrops generated from TLS data. One outcrop of
Shizigou Anticline, Qaidam Basin is chosen to validate this method and
obtain the optimal parameters, with surface density acquired from the
field and image as references. In the case, the proposed method can
accurately identify most of the structural fractures with optimal
parameters. Moreover, different types and scales of fractures can be
identified by confirming different values of threshold resolution and
angle to meet different needs.

Because of its convenience, high speed and accuracy with almost no
human intervention, and affected by weathering and shadows slightly,
this method can provide important supplement data for fracture
related research.
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