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|ABSTRACT |

Natural fracture systems contribute significantly to rock mass anisotropies. Characterizing these systems is
essential for understanding processes of fluid flow, energy exploration and storage, slope stability or tectonic
processes that can affect the permeability or compaction of the material, as well as reflect its temporal evolution.
This work presents a set of automatic and supervised algorithms integrated into the open-access software solution
SEFL, designed to characterize fracture systems using remote sensing data sets. The software implements various
strategies to quantify geometrical parameters with deterministic or stochastic descriptions, facilitating a detailed
characterization of the fracture system for numerical simulations. Geological outcrops provide direct access to the
rock masses and discontinuities, offering analogies with materials that are otherwise inaccessible for its direct
study. The digital acquisition of the terrain using high-resolution techniques, such as Terrestrial Laser Scanner
(TLS) or photogrammetry to obtain point clouds, enabled post-field studies, particularly for fracture systems that
are complex, inaccessible, or large in scale. Additionally, SEFL offers a tool based on the concept of fracture
stratigraphy to identify mechanical units, which are essential frameworks for measuring and calculating fracture
properties. This new methodology has been applied to study the fractured Eocene limestone outcrop at the hinge
of the Anisclo anticline (South-Central Pyrenees, NE Iberia) which has been digitally acquired and characterized.
SEFL output data interpretations revealed an outcrop characterized by over two thousand modelled fractures, five
fracture sets, fourteen fracture stratigraphic units, and 1-2 fractures/m.

KEYWORDS SEFL Software. Natural fracture characterization. Fracture Stratigraphy Unit. Terrestrial Laser Scanner. Discrete Fracture Network.

INTRODUCTION mass can develop fractures with an opening displacement
perpendicular to the fracture surface (mode I fracture) when

Natural fractures often develop complex networks the tensile stress exceeds the tensile strength. This process
whose understanding is a challenge for geosciences. A rock results in secondary porosity, which is superimposed on the

© D. Garcia-Sellés, E. Carola, O, Gratacos, P. Cabello, J.A. Mufioz, O. Ferrer, 2024 CC BY-SA



D. Garcia-Sellés et al.

primary or secondary diagenetic porosity developed prior
to fracturing (LaPointe and Hudson, 1985; Peacock et al,
2016; Pollard and Segall, 1987; Pollard and Aydin, 1988;
Warren and Root, 1963). Moreover, this secondary porosity
associated to fractures can alter the hydraulic connectivity
of the rock mass, thereby affecting its absolute permeability
and the effective porosity, a key parameter for fluid flow
studies. These discontinuities can significantly control the
mechanical and hydrological behavior of the rocks and are
important for studies such as tectonic stress history, fluid
flow evolution, slope stability, or underground construction
projects among others.

Understanding these processes has led to the
development of applications like numerical simulations
as in the case of the Discrete Fracture Networks (DFNs,
Einstein and Baecher, 1983). These simulations aim to
enhance our understanding of behaviors associated with
fracture networks. DFN uses stochastic approaches to
simulate the geometrical properties of fractures (Dershowitz
and Fidelibus, 1999; Einstein and Baecher, 1983; Lei ef al,
2017) allowing for the analysis of fracture connectivity,
fragmentation assessments, upscale properties, hydrological
evaluations, and simulations (Smeraglia ef al, 2021).

To improve the accuracy of numerical models, it is crucial
to enhance the geometric characterization of the fracture
model. The workflow presented in this article introduces
a new tool to achieve more representative geometric
characterizations using point cloud data, a specific format
of High Resolution-Digital Terrain Model (HR-DTM). In
general, point clouds are collected with Terrestrial Laser
Scanning (TLS) devices (LIDAR technology) or through
digital photogrammetry (Sgrensen et al, 2015; Wong,
1980) with Structure from Motion workflow (Watlet et al,
2016; Wilkinson ef al, 2016). Integrating these advanced
technologies with consolidated data obtained from field
work or borehole methods can contribute to more effective
solutions for fracture modelling. Quantifying parameters
such as fracture position, orientation, size, and aperture
(Dershowitz and Einstein, 1988; Priest, 1993) can be
challenging due to the dimensions of the outcrops, their
inaccessibility, or an insufficient number of surveyed
fractures. The classical methodology for acquiring fracture
properties from outcrops involves using a compass and tape
to manually collect data. Fractures are characterized based
on their intersection with a linear segment (1D scanline
sampled method) drawn for this purpose or within areference
area (2D window sample method) with rectangular or
circular geometry. These sampling methods require certain
conditions. Firstly, the homogeneity of the mechanical
behavior in the sample section of the outcrop (International
Society for Rock Mechanics, 1978; Mauldon et al, 2001;
Priest and Hudson, 1981). Secondly, defining fracture sets
that share statistically homogeneous properties. These
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properties are mainly orientation but also can include other
geological information such as striation or mineralization,
properties not observable from lidar or photogrammetry
data (Priest, 1993). Thus, the characteristics of fracture
sets are part of the rock mass characterization with its
geometrical properties such as: fracture spacing, vertical
persistence (Gillespie ef al, 2001; Petit et al, 1994),
fracture spacing ratio (Gross, 1993), fracture spacing index
(Narr and Suppe, 1991), fracture abundance parameters
(Dershowitz and Herda, 1992), fractal dimensions (Bonnet
et al, 2001; Kulatilake et al, 1997; Mandelbrot, 1982),
and qualitative fracture boundedness classification and
topology (Hooker et al, 2013).

The mechanical behavior of a rock mass, under
differential stresses, controls the process of rock fracturing
at different scales (Odling, 1997; Ortega et al, 20006).
Although the mechanical properties can vary throughout
the rock mass, sectors with similar properties can be
identified and delimited as mechanical units (Corbett et
al., 1987; Gross, 1993; Laubach et al, 2009; Underwood
et al, 2003). Usually, in the field, the mechanical units
are determined based on visual analysis of fracture tips
or by recognizing bedding boundaries, but these methods
have limitations due to their simplified approaches. The
identification of domains of homogeneous mechanical
behavior in the field can be performed using the Schmidt
hammer rebound test (Miller, 1965; Torabi et al., 2010).
This methodology considers Unconfined Compressive
Strength as one of the main physical properties to determine
the mechanical behavior of the rock. It is important to note
that the measured mechanical properties reflect the present-
day state of the rock mass (Olson ef al,, 2007, 2009) which
may differ from the properties at the time of fracture
development. Since this time, they may have evolved by
tectonic and/or diagenetic processes (Lamarche ef al,
2012; Laubach et al., 2009; Shackleton et al., 2005).

The mechanical properties of a rock mass are influenced
by factors such as mineralogy, grain size, grain shape,
porosity, and environmental conditions including confining
pressure, pore pressure, cementation, compaction,
temperature, and their historical evolution (Askaripour et
al,, 2022; Ersoy and Waller, 1995; Gross, 1993; Nelson,
2001). In sedimentary successions, several terms are used
for the characterization of the fractures. Corbett et al (1987)
and Cooke and Pollard (1997) define the term mechanical
stratigraphy as a subdivision of rock into discrete intervals
according to their mechanical properties. Gross (1993)
defines a mechanical layer as a lithology-controlled unit of
rock that behaves homogeneously in response to an applied
stress and whose boundaries are located where changes in
lithology mark contrast in mechanical properties, acting
as mechanical interfaces. The term fracture stratigraphy is
used to classify the rock mass into mechanical units based
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on the extent, intensity, or other fracture-defining attributes,
which are also named Fracture Stratigraphy Units (FSU).
The boundaries of these units do not necessarily correspond
to stratigraphic surfaces (Bertotti ef al., 2007; Hanks et al.,
1994; Laubach et al., 2009).

The methodology described in this work for
geometrically characterizing fractures begins with the
massive digital acquisition of outcrop data surface. In the
second stage, the acquired data are interpreted to identify
fractures using the Surface Extraction From LIDAR
(SEFL) Module I software (Garcia-Sellés et al, 2011).
In the third stage, the fractures are reconstructed with
SEFL Module II (Santana et al., 2012), creating a digital
model of fractures that includes geometric characteristics
such as fracture height, length, position, and orientation.
This work introduces a new stage, SEFL Module III,
where the geometric properties of the fracture sets and
FSUs are parameterized and characterized. Up to date,
numerous studies have presented methods based on the
digitization of fracture traces from HR-DTM or digital
imagery to extract different geometric properties such
as fracture height, length, and orientation (Assali et al,
2014; Bertotti et al., 2007; Daghigh et al., 2022; Geyer et
al., 2015; Gigli and Casagli, 2011; Hardebol and Bertotti,
2013; Hodgetts, 2013; Hodgetts et al, 2007; Seers and
Hodgetts, 2014; Tavani et al., 2014). Other studies have
dealt with automatic or semi-automatic identification of
fractures from HR-DTM to measure properties (Becker
et al, 2018; Jaboyedoff et al, 2007; Lato and Voge,
2012; Massiot et al, 2017; Olariu et al, 2008; Slob
et al, 2005; Wiistefeld, 2018) or have combined both
methodologies (Wilson et al, 2011). The approaches
tackle the complexity of creating a link between massive
remote sensing data and technologies that require
detailed fracture models such as the DFNs. The strategies
presented in this work combine automated measurements
with classical manual methodologies improving the
geometrical characterization of fractures. Finally, due to
the importance of mechanical units in rock masses, SEFL.
Module III includes a tool to provide more criteria for
identifying boundaries based on fracture stratigraphy
concept, specifically, based on the intensity of fractures.
This tool has been successfully applied to the poorly-
bedded carbonates of the Anisclo anticline (Central
Pyrenees, NE Iberia) to characterize fold-related fractures.

METHODOLOGY

This section is organized into six subsections that
review and describe the software and elements implemented
in the methodology. The initial three subsections review
the modules of the SEFL software for fracture surface
identification (SEFL Module I), modeling (SEFL Module
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II), and processing for fracture characterization (SEFL
Module IIT). The following three subsections describe the
parameters and strategies implemented to identify the FSUs
and characterize the fractures and fracture sets. Fractures
visible through their traces on the surface of the outcrop
are not modeled and, therefore, not characterized. However,
the suitability of using this process must be considered
according to the configuration of the fractures and outcrop
surfaces. The proportion of fractures exposed as outcrop
traces, or as a surface trace, must be considered to achieve
suitable results.

Fracture identification (SEFL Module I)

SEFL Module I processes HR-DTM to semi-
automatically identify outcropping fracture surfaces that
have been acquired digitally with sufficient resolution and
accuracy to be modeled at the desired working resolution
(Garcia-Sellés et al, 2011). TLS facilitates the rapid and
efficient acquisition of a large volume of georeferenced
data points from an outcrop, resulting in more accurate and
reliable HR-DTMs (input data, ) compared to the
more economical and easy-to-use digital photogrammetry
Structure from Motion workflow. The acquisition process is
designed to mitigate outcrop occlusions or shadowed zones
(Sturzenegger and Stead, 2009).

The SEFL Module I algorithms fit normal vectors at
each point of the HR-DTM. The process selects, for each
point, surrounding points inscribed in a sphere of user
defined radius (vectorizing process of Module I, )
to adjust the normal vector to the plane defined by the
selected points. Each normal vector is calculated based
on the eigenvector method using the moment of inertia
analysis enabling the calculation of the orientation and
indices of collinearity and coplanarity (Fernandez, 2005;
Woodcook, 1977). The indices of collinearity and planarity,
as well as the difference between the normal vectors, and
a minimum number of points, determine the creation
of a cluster of points modeling a fracture. These factors
are defined by the user with threshold values. At this
stage, membership in each set of fractures is determined
based on the normal vectors of each point that constitute
the fractures. Afterward, a final normal vector is fitted
to each obtained cluster, modeling the fracture surface
of the digitally acquired outcrop (clustering process of
SEFL Module I, ). The representativeness of the
modeled fractures is also controlled by the real fracture
size, roughness, HR-DTM point density, and scan accuracy
(Jones et al., 2015). Therefore, these clusters of points are
used to characterize geometrical properties such as centroid
position, orientation, and clustered points. The duration of
this computing process is entirely dependent on the size of
the point cloud, but it is the most time-consuming step of
the workflow.
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Fracture modeling (SEFL Module I1)

SEFL Module II implements algorithms to select the
final cluster points and reconstructs fracture planes (fracture
model process of Module II, ) (Santana et al, 2012).
The complete set of reconstructed outcropping fractures
constitutes a fracture model, with each fracture having
associated geometrical properties of height and length (in
a rectangular approach) while preserving the attributes of
position and orientation. The complexity of this module lies
in defining the parameters to obtain an optimal fracture model.
The time required for this process is more dependent on the
outcrop than on the processing time on a standard computer.

Fracture Stratigraphy Unit identification (SEFL
Module I1I)

SEFL Module II is dedicated to identifying the
boundaries of each FSU to characterize the fracture system
by units (fracture measurement process of Module I, Fig. 1).
For this purpose, the method implemented in SEFL. Module
II uses fracture intensity (number of fractures per survey
length) as an attribute to identify FSUs ( ). The algorithm
counts fractures from the fracture model that intersect with
a plane drawn by the user, such as bedding or any reference
plane (Massiot et al, 2017). This process is analogous to the
scanline counting method used in the field, where the first and
last fractures intersected along the scanline mark its length.
This counting is repeated using multiple scanlines that survey
the entire fracture model at regular intervals defined by the
user, always parallel to the referent plane.

The resulting number of fractures per meter for each
scanline is integrated into a single graph along the height of
the stratigraphic sequence or rock mass surveyed (Module
111, ) (Bertotti et al, 2007; Hardebol and Bertotti,
2013). Afterward, this graph requires user analysis to identify
significant changes in fracture intensity that are interpreted
as the boundaries of each FSU. This process is empirical and
necessitates subjective interpretation to mark boundaries
and decide which layers belong to each unit. Consequently,
the boundaries and thicknesses of each FSU are established.

In the second stage, SEFL Module III locates the
centroid of each fracture within the fracture model and
assigns it to the respective FSU. The properties of each
fracture are associated with its centroid, enabling the
calculation of parameters that characterize the fracture
network by fracture set and FSU (fracture characterization
process of Module I1I, ).

Fracture Characterization (SEFL Module I11)

SEFL Module III computes the parameters of
the geometric characterization after identifying the
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boundaries of each mechanical unit (fracture measurement
process of Module III, ). This process locates each
fracture centroid within its mechanical unit to survey
and characterize the fractures network in a second stage.
This characterization is fed with the attributes associated
with the fracture model, selected either on the scanlines
or contained within the sampling window (fracture
characterization process of Module III, ). Calculation
times do not exceed a few minutes once the parameters that
control each stage are established.

Fracture parameters

The main properties that characterize fractures within
a fracture network are described below. This description
includes a brief comparison between classical field data
collection methods and the measurements obtained from
the fracture model generated previously in our workflow.

i) Fracture orientation: This property is measured with
the representation of the fracture surface on a plane. In the
field, it is measured with a compass and the data can be
discomposed into two components: azimuth (horizontal
angle from the North) and dip (vertical angle). SEFL
Module I fits a plane from the selected points representing
a fracture surface and calculates the normal vector to
derive the orientation, using the dip direction and dip
convention.

ii) Fracture position: In the field, the position of a
fracture is determined by the intersection between the
fracture and the tape along a scanline. In SEFL. Module
I, the tool calculates the center of mass of the cluster of
points intersected by the scanline plane, employing the
eigenvector to represent the fracture surface position.

iii) Fracture size: Usually, fractures do not outcrop
displaying all their dimensions due to censuring or
truncation effects. The visible dimensions are typically
measured with two parameters: length (parallel to the
reference surface) and height (perpendicular to the reference
surface). Algorithms in SEFL Module II obtain both
parameters from the fracture model, computed according
to the fracture orientation, and measured their maximum
extension in relation to the reference orientation. Results
are reported as mean values and cumulative frequency
distribution graphs.

iv) Fracture aperture: This is the width of the space
between both surfaces of a fracture. Mesoscale fractures
have apertures ranging from millimetric to centimetric
scale, which are visible and measurable in the field or in
boreholes with a tape. Due to the insufficient resolution
of the HR-DTM, apertures within this range must also be
measured in the field.
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Additional qualitative information, such as fracture
aperture, the nature of the infilling materials within
the fractures, fracture termination types, displacement
indicators (e.g. slickenlines) or topology (Priest, 1993)
must be also collected in the field and later, introduced into
SEFL software to calculate porosities.

Fracture set parameters

Fractures are grouped by similar properties, mainly their
orientations and type, as observed statistically by the user
and the relationships between different fracture surfaces in
the field or within the fracture model. Consequently, various
thresholds are established to determine each set of fractures.
SEFL Module III simulates the field scanline measures by
projecting a plane, through the center of the FSU, parallel
to the boundary of the unit, which intersects with the
fractures of the fracture model. These intersections are
used to calculate the following parameters for each fracture
set and where it is possible to present the characterization
by mechanical unit (Priest, 1993):

1) Number of fractures: This is the count of fractures
intersected along each scanline.

ii) Mean orientation of the intersected fractures: This is
calculated using the vector direction methodology (Fisher,
1985) for populations with a single polarity.

iii) Fracture spacing: This is the distance between two
adjacent fractures of the same fracture set, measured along
the perpendicularto-fracture vector (Gross, 1993; Narr and
Suppe, 1991; Terzaghi, 1965). Field measurements require
trigonometric corrections to convert the apparent spacing
between two adjacent fractures into real spacing (Terzaghi,
1965). In SEFL Module III, spacing is measured from the
centroids of the two adjacent fractures of the same fracture
set along the normal vector of the first fracture.

iv) Fracture spacing is typically characterized by its
mean value, standard deviation, standard deviation ratio
(standard deviation divided by the mean), Coefficient of
variation (Cv) (Gillespie et al, 1999) or ratio of standard
deviation (standard deviation divided by mean space) and
cumulative distribution graph. The standard deviation
reports the type of dispersion of the fracture spacing values
compared to the mean while the coefficient of variation
indicates whether fracture distribution is clustered or not.
Cv values close to 0 indicate regularly distributed fractures,
values close to 1 indicate a random distribution, and values
greater than 1 indicate that fractures are clustered.

v) Vertical persistence: This quantifies the proportion
of fractures crossing a mechanical layer boundary along the
scanline (Bech et al, 2001; Gillespie et al, 2001; Petit
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et al, 1994). In SEFL Module III, vertical persistence is
calculated using the fracture model properties of position
and height with respect to the FSU thickness. Fractures
contained within a single layer are referred to as strata-
bound (Odling et al, 1999). Conversely, fractures not
constrained by their single layer boundaries are considered
non-strata-bound.

vi) Fracture spacing ratio and index (Gross, 1993;
Narr and Suppe, 1991). These indices are employed to
normalize fracture spacing according to mechanical layer
thickness and are used in cases where fractures are confined
within their mechanical layer. The fracture spacing ratio is
the ratio between the mechanical layer thickness and the
median fracture spacing. The fracture spacing index is the
slope of the linear regression between the mechanical layer
thickness and the median fracture spacing (Narr and Suppe,
1991).

vii) Fracture abundance: This describes fracture systems
in terms of the amount of fracturing through measures of
fracture density, intensity, and porosity (Dershowitz and
Herda, 1992; Mauldon, 1994). Measures are referred to in
the P, system, where x is the sampling domain (linear, areal,
and volumetric) and y is the feature measured (number,
length, area, and volume of the fractures). Fracture density
describes the number of fractures per length (P,, or linear
density), per area (P,, or trace density), or per volume (P,, or
volumetric density). Fracture intensity describes the height
of fracture traces per area of exposure (P,,) and volumetric
intensity is the area of fractures (height by length fracture)
per volume (P,). SEFL. Module I1I adopts the P,, counts by
applying the scanline method by projecting a plane in the
middle part of the mechanical layers, while the P, values
are measured using the window sample method between
the limits of each FSU.

viii) Fracture porosity: This parameter requires aperture
values of the fractures to define linear porosity (P,,), areal
porosity (P,,), and volume porosity (fracture porosity) (P,s).
It is worth mentioning that the volumetric parameters P,
and P;; cannot be determined directly from the outcrop
surface. To amend this, Wang (2005) proposed inferring
them with linear intensity (P,,) and areal intensity (P,,) and
quantifying volumetric intensity (P;,) and fracture porosity
(P5;) via Equations (1) and (2) with the conversion factor
C, where o is the angle between the sampling line and
the normal vector of the fracture, 3 is the angle between
the normal vector of the sampling plane and the normal
vector of the fracture, fA(a) and fB(p) are the probability
distribution function of the angles o and p.

Eq 1: P32 :Plofon cosa V_fA(a’)dOl = P10C13

Eq. 2: P33=P21f:SinﬁfB(ﬁ)d,8 = P21623
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ix) Fractal dimension: The property analysis of fractures
and fracture sets is generally supported by statistical
representation of data sets, such as histograms and
cumulative distribution graphs (Bonnet ef al., 2001). These
values are typically fitted to an exponential, logarithm,
gamma, normal, or power law distribution, simplifying the
representation of the property and enabling projections at
scales where they have not been sampled (Bonnet ef al,
2001; Gillespie et al, 1993). Additionally, a cumulative
distribution function may be used to determine the fractal
dimension when a power law distribution is fitted across
multiple orders of magnitude (Gillespie et al, 1999;
Mandelbrot, 1982).

APPLICATION: THE ANISCLO ANTICLINE CASE
STUDY

Geological Setting

The Anisclo, Mediano, Olson and Boltafia anticlines are
part of the Sobrarbe fold system in the Ainsa fold and thrust
oblique zone of the Central Pyrenees ( ; Fernandez et
al., 2012; Munoz et al,, 2013). These north-south trending
anticlines are over 10km long and have at least 1000 meters
of structural relief. They developed during the Pyrenean
Orogeny along the eastern margin of the Gabarnie-Sierras
Exteriores thrust sheet, in the footwall of the Montsec-Pena
Montanesa and the Monte Perdido thrust sheets (Fernandez
et al., 2012; Tavani et al., 2006).

Structural, sedimentological and paleomagnetic data
from the Sobrarbe fold system reveal that this set of N-S
anticlines experienced a clockwise vertical axis rotation
synchronous to their growth (Munoz et al, 2013). In this
sense, the Anisclo anticline originally formed with an E-W
trend that progressively rotated to the present-day N-S
attitude (Fernandez et al, 2004; Mufoz, 2017; Munoz et
al,, 2013; Tavani et al, 2006). This progressive rotation
occurred simultaneously to the divergent thrust transport
trajectories constrained by the Upper Triassic salt basin
distribution resulting in the development of a thrust salient
in the Southern Pyrenees (Munoz ef al, 2013).

The Anisclo anticline plunges 10° southwards in its
central part, where it corresponds to an asymmetric fault
propagation fold with a vertical to steeply overturned
western frontal limb that progressively opens southwards
into an anticline detached along Upper Triassic evaporites
with a plunge of 25° ( ; 3; Fernandez et al., 2012;
Munoz et al., 2013; Tavani et al., 2006). These evaporites
are overlaid by Upper Cretaceous marls and limestones
cropping out in the core of the Afisclo anticline ( ).
Paleogene rocks, characterized by Paleocene to the middle
Eocene limestones and marls are unconformably overlain
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by middle Eocene (Lutetian) turbidites of the Ainsa system
corresponding to the oldest growth strata sediments (syn-
folding rocks) ( ; Arbués et al, 2007; Munoz et al.,
2013).

Outcrop characteristics and data acquisition

Fracture characterization was conducted using the
presented methodology for a selected outcrop. This outcrop
is partially located at the hinge of the anticline and at the
eastern limb, and includes marly limestones intercalated
with clay layers of the Eocene Metils Formation (Fm.) and
at the mesoscale presents the structure of a fracture system
( to 4). The Metils Fm. comprises a 10m-thick basal
interval of marly micritic limestone interbedded with
20cm-thick silty layers. At the upper part of the Fm., the
limestones are interbedded with 30cm-thick marl layers
(Rios et al, 1979). According to Van Lunsen (1970) and
Rios et al (1979) the fossiliferous content of this Fm.
includes Globorotalia gracilis-formosa, Globigerina
(Acarinina) aff. mckannai, Globigerina aff. gravelli,
Globigerina aff. soldadoensis thus confirming its Eocene
age. Along the 220m-long and up to 8m-high outcrop, with
mean bedding thickness of around 30cm, more than forty
bedding surfaces were identified. Many of these surfaces
are discontinuous laterally and beds appear massive,
resulting in an alternation of thin and more massive layers
( ). This distribution complicates the identification of
the stratigraphic and mechanical layer boundaries along
the entire outcrop. The mean bedding dip is 141/28 (dip
direction convention) with a stratigraphic thickness of
18.37meters.

Ten TLS stations (model Optech ILRIS-3D equipped
with Differential Global Positioning System) were utilized
to acquire 41 laser images of the outcrop to complete a
georeferenced HR-DTM of 24.5 million points ( ). The
HR-DTM model was divided into two sectors according to
the outcrop face orientation: NE-SW and N-S (

). Moreover, the field survey was supplemented by five
manual scanlines parallel to the bedding and 20 Schmidt
hammer rebound tests to analyze the mechanical behavior.

Results: Fracture surface characterization

The fracture model produced using SEFL software
contains 669 fractures in the NE-SW sector and 1119
fractures in the N-S sector ( ), while 121 fractures
were identified and measured directly using the conventional
manual scanline method.

Fractures modeled with SEFL software and classical
scanlines were plotted as poles to fractures and cumulative
contouring equal-area stereoplots ( ) and have been
classified into five fracture sets. For instance, the boundary



D. Garcia-Sellés et al.

Fracture network characterization

l:l Variscan basement

|:| Pyrenean Mesozoic
and Cenozoic

|:| Cenozoic in forelands

& Sn,

752500

755000

757

500

& *y
o \

18
M\

AI—,J

Morillo d
San Pietro

o\

E(\* \*\«

g

MY\ \\\\\\‘%@Zﬁ?"ﬂf e &)

:

" 4

Jo

L

752500

Upper Cretaceous

:] Sandstones

Marboré
sandstones

:] Limestones

18 Bedding (4
—L— attitude Thrust ((

Paleocene

1]

:] Lower Yeba Fm.
[ Metils Fm.
[ mittaris Fm.

Alveoline
limestones

Extentional
Faults

Projection: UTM Ellipsoid: International
755000 Datum: ED50 Zone: 30 757

Eocene

:] Turbidite series

Quaternary

]

:] Boltafia Fm.
:] Upper Yeba Fm.

Fold axis
trace

500

Y Vilage ~ . Road

43N]

42°N|

4715000

3> 471 2500

471000

FIGURE 2. A) Structural map illustrating the main structural units of the Central Pyrenees. The white box indicates the location of the detailed Anisclo
anticline geological map. A: Afisclo anticline, B: Boltafia anticline and M: Mediano anticline. B) Detailed geological map of the Afisclo anticline,
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Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

. Adapted



D. Garcia-Sellés et al.

A General setting cross section

Fracture network characterization

Figure 4B
A A’
W- B ~ - ) -E-
v 47 Boltafia Anisclo anticline Pe&a M:)n:]an(tesa Cofiella -
x=253000 ioli : rust shee x=278000
anticline
y=4712000 3- \/, . La Fueba /\tart thrust sheet,. 1= 000
2 N / thrust system - T
~ S : -
1 Pse—r ol T ONeHATUITED Y
e
Eo
| —— Gavarie st -
-1 }— = ———=dydife
24 =
3 Variscan Basement -
-4 . -
Bielsa and Guarga thrust sheets ‘(Esooo m‘
5
) A A A A
Afisclo anticline, detailed cross section
A W-E A
4 | ~ . .
Andisclo anticline
System
[Quaternary [ |
Period Age
. Turbidite series
) Cuisian .
:15.:’ Eocene Ypresian Sta. Marina Fm. Yerba Fm.
5 llerdian Metils Fm.
Millaris Fm.
Paleocene —— X
Maastrichtian S Alveollne
» M . Limestone
é ) arboré sandstones
2 Campanian
& | Upper Santonian
_ . ° Coniacian
-3 Variscan Basement S Turonian <4 Thrust
Cenomanian
4] / Fault
=—=] |- W |
5 0 2500 m &) Lower te , .
Bielsa and Guarga thrust sheets = _ see A~ A’ Cross section
A A Variscian basement
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Mufoz et al. (2013).

between Fracture Sets III and IV is clearly distinguishable
in the field, with fractures intersecting each other.

The subdivision into mechanical units, based on
visual analysis of SEFL Module III fracture intensity
graph and significant lithological variations, reported
14FSUs ( ). Multiple scanlines were spaced
at 10cm intervals along the stratigraphic thickness
(18.37m) to capture detailed variations in fracture
intensity. Additionally, the Schmidt hammer rebound
test revealed differences in compressive strength along
the outcrop profile ( ).

Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

). Adapted from

In the N-S sector, the greatest number of fractures belongs
to Fracture Sets V and I (350 and 332 fractures, respectively),
followed by Fracture Set III (221 fractures), Fracture Set IV (126
fractures), and Fracture Set IT (90). In the NE-SW sector, Fracture
Set I1I (242 fractures) and Fracture Set IV (212 fractures) are the
most numerous, followed by Fracture Set I (130). Fracture Sets V
and II are the less frequent with 49 and 21 fractures, respectively.

The fold axis in the study area generally trends N-S
( ) with a slight westward component. Fractures in
Fracture Set V are parallel to the fold-axis, while fractures
in Fracture Set III are oblique to it.
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FIGURE 4. HR-DTM and the fracture model. A) Plan view of the HR-DTM showing the N-S and NE-SW oriented outcrop sectors. B) Render view of
the NE-SW sector HR-DTM. C) NE-SW sector fracture model. D) Render view of the N-S sector HR-DTM. E) N-S sector fracture model.

The number of fractures intersected by each scanline
measured in each FSU processed by SEFL Module III,
range from 15 to 75, with scanline lengths between 10
and 40m (Fig. 7A). The five manual scanlines intersected
fewer fractures (approximately 25 per scanline) with
shorter lengths (less than 30m). Both sectors (NE-SW

Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

and N-S) show differences regarding the dominant
fracture sets (IIL, IV and V), though a significant number
of fractures from Fracture Set I are also notable. The
fracture intensity, normalized by scanline length, ranges
from 1.5 to 3.376 fractures/m for both sectors, with
slightly lower values for manual scanlines (Fig. 7B).

[ 10|



D. Garcia-Sellés et al.

Fracture poles and contouring of poles

NE-SW Sector
Manual scanlines

A N-S Sector

Fracture network characterization

NE—SW Sector
SEFL Process

N-S Sector

Data number= 65 Data number= 56
Min value= 0 Increment= 2

Data number= 1119 Data number= 669
Min value= 0 Increment= 1

Il Set!| N Setll M Setlll [ Setlv [ SetV

FIGURE 5. Stereographic projection (upper images: equal-area lower hemisphere stereoplots) of fracture orientation poles and the corresponding
contouring of total fracture poles (lower images). A) Fractures measured directly at the outcrop using a compass during manual scanlines.
B) Fracture orientation calculated from the SEFL fracture model for the N-S and the NE-SW sectors. Poles are colored by fracture set. Stereoplot

projections were generated using Open Plot software by Tavani et al. (2011).

Fracture spacing values vary, from decimetric distances
for the most abundant fracture sets to metric values
for the remaining fracture sets ( ). Coefficients
of variation for the entire outcrop are mainly clustered
between 0.5 and 2 ( ). Fracture spacing exhibits
a power law distribution in both sectors with acceptable
quadratic fit errors to the curvatures described for each
fracture set ( ).

Typically, the mean heights of fractures surveyed
with SEFL are less than 1.5m without crossing the FSU
boundaries ( ). Exceptions include thinner FSUs
11-14 and Fracture Sets I and I'V, which have mean heights
of up to 2.5m, reflected in the low proportion of fractures
exceeding FSU boundaries ( ). The mean fracture
length is shorter than one meter for most FSUs with a few
exceptions ( ). The height cumulative distribution
graph for the total fracture model shows a good fit with
exponential functions for each fracture set ( ),
with the best-fits between heights of 0.2m and 1.5-3m,
losing accuracy with less frequent heights. The cumulative
distribution graph for fracture length shows the best-fit for

Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

power law functions between lengths of 0.2m and 3m (

).

Abundance results, measured using the window
sample process in SEFL Module III, show a similar
number of fractures in areal density (P,,) for both
sectors, less than 2-3fractures/m?, except for FSU 14.
The majority of FSUs in the N-S sector have densities
below 2fractures/m?, while some FSUs in the NE-SW
sector reach up to 4, 7 and 14 meters by trace length per
m? ( ).

Volumetric intensities (P,(C,5P,,)) calculated from
linear intensity (P,,) vary between 0.5 and 2.5m?*m? in the
N-S sector and between 1 and 4m?*/m? in the NE-SW sector
( ). Volumetric intensities (P5,(Cy;P,,)), calculated
from the areal intensity value (P,,), show similar ranges,
between 2 to 5m?m? for both sectors for the dominant
fracture sets ( ). Volumetric intensities (P5,(C,5P;¢))
calculated with manual scanlines data, present irregular
and higher values than the values from SEFL software (

). Fracture apertures measured at the outcrop show a

[11 ]
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FIGURE 6. FSUs identification methodology based on fracture intensity, and two stratigraphic representative stratigraphic columns of the outcrop
and Schmidt hammer rebound test values for both sectors of the studied outcrop (black line: N-S; grey line: NE-SW sector). Fourteen FSU were
determined to characterize mechanically the outcrop. The correlation for calculating the Uniaxial Compressive Strength values was derived using
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FIGURE 8. Spacing values of the different fracture sets for each outcrop sector. A power-law function was fitted to each fracture set data, and statistical

results of the power-law function fit are included.

wide range of values, from 0.2 to 5Smm, filled with calcite

( )-

DISCUSSION

This section is divided into two subsections. The first
subsection tackles the methodology presented in this work
while the second is focused on the Aiisclo case study.

Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

Data processing with SEFL software

Manual fracture digitalization in a 2D/3D environment
(using images, HR-DTM or point clouds) is a solvent
methodology supported by the interpretation of the user
to develop fracture models (Assali et al, 2014; Bertotti
et al, 2007; Geyer et al, 2015; Gigli and Casagli, 2011;
Hardebol and Bertotti, 2013; Hodgetts et al, 2007; Seers
and Hodgetts, 2014; Tavani et al., 2014). The disadvantage

|14 |
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the bounds of each FSU. C) Mean fracture length.

of this approach resides in the considerable time required et al., 2018; Jaboyedoff et al., 2007; Lato and Voge, 2012;
to identify and digitalize the fracture system. On the other Massiot et al., 2017; Olariu et al., 2008; Slob et al., 2005).
hand, automatic identification of fracture surfaces has a Regardless of the methodology used to achieve a fracture
better aptitude for managing a large number of fractures model, SEFL. Module III is a tool intended to compute
and a lesser ability for fracture identification (Garcia-Sellés statistical fracture properties.

Geologica Acta, 22.6, 1-24 (2024) |15 ]
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FIGURE 10. Size fracture properties, height and length, from the SEFL fracture model for the fracture sets. A) Cumulative distribution of fracture
height. B) Cumulative distribution fracture length. Each fracture set was fitted with a power law function, and statistical results of the power law

function fits are included.

SEFL Modules I and II, are essential preliminary
steps for the subsequent fracture characterization in SEFL
Module III. The accuracy of vectorizing and clustering
HR-DTM data directly affects the fidelity of the fracture
model, influencing the geometrical characterization and
identification of the FSUs. Despite the automated nature of
the methodology, significant time is required to configure

Geologica Acta, 22.6, 1-24 (2024)
DOI: 10.1344/GeologicaActa2024.22.6

parameters such as threshold values, distances, and
boundaries. These parameters must be carefully determined
by the user due to their impact on the results.

One limitation of the proposed methodology is

its tendency to underrepresent the number and size of
identified fractures, due to the challenges associated with

|16 |
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FIGURE 11. Areal parameters of abundance obtained from the SEFL fracture model. A) Areal density (P,,) and B) Areal intensity (P,,) calculated using

the window sample method for each FSU and fracture set.

generalizing the definition of fracture to recognize it in an
HR-DTM. Likewise, assigning fractures to their respective
fracture sets based on the orientation of all their normal
vectors generates uncertainties, as these orientations
do not always align with the final orientation. This issue
is illustrated in Figure 5, where some fractures do not
precisely coincide with the boundaries of their fracture sets.
Although there are many examples of TLS in the literature
regarding fracture roughness (e.g. Mah ef al, 2013), the
methodology in SEFL does not incorporate parameters
such as aperture or roughness due to the lack of resolution
in HR-DTM. Therefore, the aperture parameter has not
been implemented and the porosity value is not determined.
However, if this value is available from manual scanlines,
the porosity parameter can be calculated in SEFL.

The characterization results are described where
possible, using a deterministic or stochastic modeling for
each fracture set and FSU since this last approach is the
most appropriated to define DFN models. The reliability
of the results depends on the number of modeled fractures
and the robustness of their statistics. Likewise, the use of
remote sensors as the main source of data enables access
to inaccessible or extensive areas where the scanline
methodology cannot be feasibly applied.

Application in the Adisclo anticline

The fracture study conducted using the SEFL fracture
model and classic scanlines identified five distinct fracture
sets ( ). With regard to the mechanical behaviour of
the massive rock in the outcrop, it is possible to affirm that

Geologica Acta, 22.6, 1-24 (2024)
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it is heterogeneous. It can be verified in both the result
of the scanlines to determine the FSUs and the Uniaxial
Compressive Strength values obtained from the Schmidt
hammer rebound test ( ). Identifying the limits of
the FSUs after data acquisition based on fracture intensity
and the non-continuous lithological boundaries of the
stratigraphic sequence, allowed for the study and selection
among different solutions. While the boundaries of
lithological layers were recognizable in certain sections, the
boundaries of mechanical layers along the outcrop were not
as discernible. The stratigraphic fracture solution provided
additional information, although subjectively, to identify
14 mechanical units for sampling the characteristics of the
fracture system.

The global intensities of these fractures ranged from 2
to 3 fractures per meter for each FSU and would mainly
correspond to Fracture Set I. This set is considered one
of the most dominant due to its high intensity values in
the N-S sector ( ). Both, the orientation and the
fracture intensities are consistent with the previous study
by Tavani et al. (2006) who reported the development of
extensional structures during the evolution of Anisclo
anticline.

The heterogeneity of the mechanical behavior is
evident in the Uniaxial Compressive Strength recorded by
the Schmidt hammer rebound tests and, in the scanlines,
measuring fracture intensities to identify the FSUs ( ).
However, it should be noted that the fracture intensity test
reflects the conditions at the time of fracture development,
unlike the Schmidt hammer rebound test.

[17 |
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FIGURE 12. Volumetric parameters of abundance. A) Volumetric intensity calculated from the linear intensities (P,(C5P10)), available for both manual
and SEFL process scanlines, and B) volumetric intensities, only available for SEFL scanlines (P3,(C,3P,;)) for each FSU and fracture set.

Considering fracture heights and vertical persistence
parameters, it is interpreted that the fractures are
predominantly contained within the FSUs ( ).
Persistence values derived from manual scanlines are
higher than those obtained through the SEFL process,
due to the accuracy of the manual technique in identifying
fracture tips. Generally, the fracture heights are below two
meters and do not exceed the FSUs boundaries. This is
corroborated by the cumulative distribution graph which
displays low fitting errors in the power law function (

). Moreover, fractures identified as intact through
manual scanlines, constitute about 40%, while those
identified as not intact or obscured (i.e. fractures cropping
out with incomplete length or without visible tips) reach

Geologica Acta, 22.6, 1-24 (2024)
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up to 50%, increasing the uncertainty of the real height of
the fractures.

The N-S outcrop sector is characterized by the vertical
fracture surfaces of Sets I and V with an orientation
subparallel-to-outcrop ( ). Conversely, the NE-SW
outcrop sector is morphologically conditioned by the
parallel-to-strike  nearly-horizontal apparent bedding
attitude, facilitating the sliding of blocks bounded by the
intersection of fractures and bedding. This relationship
explains the better exposure of Fracture Set I lengths in
the N-S sector compared to the NE-SW sector ( ).
Conversely, the fracture length exposure for Fracture Sets
III and IV is better observed in the NE-SW sector. However,
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FIGURE 13. Fracture apertures measured in situ during the manual
scanlines surveys. Predominantly, the outcrop fractures are in-filled
with calcite.

only 10% of the fracture lengths collected via manual
scanlines are intact and this remains unknown for SEFL
process scanlines, which do not identify fracture tips. The
height of the fractures is not dependent on the outcrop
orientation but it is controlled by the FSU thickness.
Although both height and length have the best-fit with a
power law function, the values are only one-dimensional
(0.2-3m), which is insufficient to calculate its fractal
dimension.

In addition to the coefficients of variation, the fracture
spacing ( ) measured on the order of decimeters
for the dominant fracture sets (ie. I, IV and V), reveals
regular spacing without clusters of fractures ( ).
The cumulative frequency graph of the spacing parameter
shows a differentiated exponent for the best-fit function of
the Fracture Set I in the N-S sector ( ). This contrasts
with the similarly grouped exponents for the rest of fracture
sets due to the favorable orientation of the outcrop for

Fracture network characterization

this measurement. Noteworthy is the low number of high
spacing values (>10m), although the methodologies and the
HR-DTM have sufficient resolution to measure them. The
fracture spacing ratio indicates a low dependence between
fracture spacing and FSU thickness which, based on the
low fit quality implies that fracture spacing is independent
of FSU thickness ( ).

The abundance parameter for areal density (P,

) is higher than for linear intensity (P, ) for
both outcrop sectors due to the increase in the sampling
area and the number of fractures involved thus making the
result more reliable. However, volumetric intensity results
derived from linear intensity (Pj,, ) are higher
than those derived from areal intensities (P, ),
but the values can be considered homogeneous, with some
exceptions (FSUs number 10 to 12 in the NE-SW sector).
Fracture aperture values measured in manual scanlines
( ), could allow for the calculation of fracture
porosity parameters (P,, and P,;). However, fractures in
the outcrop are infilled with calcite, therefore, sealing the
aperture of the fractures. Finally, since fractures are not
completely contained within the FSU and exceed the FSU
bounds, mechanical layers coincident with FSUs would
be interpreted as non-strata-bound, even though they are a
small percentage. The fracture system cannot be completely
classified as Unbounded (Hooker et al., 2013).

CONCLUSIONS

This work introduces SEFL module III, a software
application designed to characterize geometrically the
fracture surfaces of a fracture system acquired digitally
with remote sensors. The SEFL software workflow
includes solutions to individually compute parameters
of the characterization, which can be supplemented by
classic field sampling methods or vice versa. The goal is
to process a large number of fractures to obtain statistically
representative and reliable information for the studied
outcrop, a task that would be time-consuming to characterize

TABLE 1. Result of the fracture spacing index fit between fracture spacing and FSU thickness (fracture space ratio). Quadratic error values were
interpreted as a lack of correlation, suggesting no relationship between fracture spacing and FSU thickness

Sector N-S Sector NW-SE

Fracture Set Constant Exponent Quadratic error Constant Exponent Quadratic error

I 0.0524 0.1601 0.5597 1.3657 0.5631 0.1205

Il 1.1672 0.7693 0.0889

11 1.0214 0.4271 0.0689 0.9032 0.0287 0.0028
v 1.0541 0.3386 0.1373

\Y -0.3729 1.2303 0.7612
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or infeasible through field characterization alone. For
this purpose, the software measures parameters such as
position, orientation, height, and length, and analyzes them
to determine spacing, persistence, and abundance values
(Dershowitz and Herda, 1992). If aperture data is available,
it also enables the calculation of porosity values.

The resulting data is categorized by fracture sets
and computed based on mechanical units defined by the
user. Additionally, SEFL software includes a tool that
differentiates the rock mass into stratigraphic fracture units
based on the intensity of fractures.

The case study of the Anisclo anticline demonstrated
the capabilities of the proposed methodology revealing:
i) significant real-time saving by the end of the fracture
characterization process; ii) comprehensive characterization
of the outcrop by remote sensors, as opposed to personal
access analysis and iii) increased sampling, leading to
greater statistical robustness compared to the limited
manual sampling of fractures. Despite the initial time
investment, the results are reliable and provide an important
geometric fracture characterization of a rock mass. In the
Anisclo outcrop SEFL software characterization resulted in
2000 fractures grouped into five fracture sets and 14 FSUs
were identified. The computed mean fracture intensity
resulted in around 2 to 3 fractures per meter and 4 fractures
per square meter, with regular mean spacing and fracture
heights around 1m, rarely exceeding 2m. The observed
fracture mean length was 2m, considered a minimum
length due to the difficulty in observing the full extension
of fractures. Five manual scanlines were employed
to complement, validate, and compare results from
SEFL Module III processing, highlighting the different
sensitivities of each technique and the strong dependence
of results on the orientation of the measurements. Despite
this, combining both methodologies enabled robust results
in characterizing the fracture pattern of an outcrop.

Finally, the methodology implemented in SEFL
software facilitates the extraction of essential parameters
for creating 3D fluid-flow models for hydrocarbon
reservoirs, geothermal fields, or numerical simulations
when populating models with Discrete Fracture Networks.
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