
Citation: Vianello, D.; Bonetto, S.;

Mosca, P. Characterization of the

Fracture Network and Its Spatial

Variability in Complex Faulted Zones:

Implication in Landslide

Susceptibility Analysis. Appl. Sci.

2023, 13, 12789. https://doi.org/

10.3390/app132312789

Academic Editor: Adriano Ribolini

Received: 23 October 2023

Revised: 20 November 2023

Accepted: 22 November 2023

Published: 29 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Characterization of the Fracture Network and Its Spatial
Variability in Complex Faulted Zones: Implication in Landslide
Susceptibility Analysis
Davide Vianello 1,*, Sabrina Bonetto 1 and Pietro Mosca 2

1 Department of Earth Science, University of Torino, 10125 Turin, Italy; sabrina.bonetto@unito.it
2 Institute of Geosciences and Earth Resources, National Research Council (CNR), 10125 Turin, Italy;

pietro.mosca@cnr.it
* Correspondence: davide.vianello@unito.it

Abstract: In the frame of a regional study that is aimed at defining the landslide susceptibility in
the upper Susa Valley (Western Italian Alps), this paper investigated the variation in the fracture
network of rock masses in correspondence to faults zones. Fracture networks were characterized at
sites located along transects that are oriented normally to fault traces and scattered in their adjacent
sectors with the scope to be able to define and estimate the variation in fracture abundance in the
bedrock. Fracture collection using a traditional geomechanical survey was combined with topological
analysis to estimate the degree of fracturing of rock masses in terms of fracture intensity (P21) and
connectivity. Several sites were selected, and the variation in fracturing intensity values and degree of
connectivity allowed for the defining of “high fracturing zones” (HFZ) near fault traces moving from
the background values of adjacent rock masses. Considering the variation in fracture intensity, a range
of 400 m to 150 m HFZ can be defined, with considerable differences between the areas analysed.
The values recorded show a high irregular variability in fracture intensity in correspondence to the
mapped faults due to the interference and overlay of structures related to the complexity setting of
the fault damage zone.

Keywords: fracture network; fracture intensity; landslide susceptibility; topology; fracture
intensity map

1. Introduction

The characterization of geometrical features and spatial arrangement of any mechani-
cal discontinuity in rock mass, including both primary–secondary foliations and fractures,
hereafter referred to as a fracture network, is relevant in different areas of the geosciences
(e.g., structural and geomechanical analysis, studies for geoengineering projects, and geore-
source exploitation). This is because geometrical features of any mechanical discontinuities
(e.g., orientation, spacing, length, and shape) and their topological relationships control
many of the physical properties of rock masses (e.g., [1–3]). Numerous studies describe
that during deformation events, the geometric development of fractures and their relative
abundance expressed as density (fracture number per unit length or unit area) and intensity
(fracture length per unit area or unit volume) can be controlled by lithology and mechanical
stratigraphy as well as structural position (e.g., [4–16]). An increase in fracturing and rela-
tive complexity is typically observed within the damage zone of faults due to nucleation,
propagation, and offset accommodation of the different brittle structures that are related to
the faulting mechanism (e.g., [17–26]).

Among the different areas of application, the characterization of the fracture network
and its variability in the rock masses are relevant in the analysis of landslide phenomena.
Characterization of fracture networks is important for landslide susceptibility analysis,
because slope stability is influenced by the location and orientation of discontinuity (such as
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faults, bedding, foliation). The interaction of these surfaces in the rock masses influences
the production of disaggregated and loose rock material that is potentially involved in
a landslide [27].

In landslide susceptibility analysis aimed at identifying potential landslide areas at the
basin scale, fault traces obtained from geological maps and/or lineaments extracted from
remote sensing analyses are usually used to characterize the regional discontinuity network
in terms of density and intensity data [28]. The degree of fracturing is usually included in
the attributes of geological formations and/or considered to be homogeneously distributed
along main faults as a regular buffer zone. In the landslide susceptibility studies that our
group is carrying out in the Susa Valley (Italian Western Alps), we defined an index of
fracture intensity (with five classes of values from weak to intense) for pre-Quaternary
bedrock outcrops (identified from aerial photographs), considering mapped faults and
lineament traces defined by remote survey (corroborated by traditional scan line surveys)
and a strength classification of the bedrock lithologies [29,30]. The interaction of the degree
of fracturing with other predisposing factors (bedrock lithology, unconsolidated Quaternary
deposits, slope inclination, and hydrographic network) was considered using the Rock
Engineering System (RES) [31] methodology to define a debris flow susceptibility index at
the basin scale.

As part of our research, given the importance of fracturing as a predisposing factor
for landslides, we selected a few areas to characterize how bedrock fracturing at the
outcrop scale may vary at major faults compared with their adjacent sectors and attempt
a quantitative comparison of the abundance of fractures related to fault damage zones
compared with a background value of the rock masses. For this scope, we considered
faults reported in geological maps at a 1:50.000 scale [32,33], cross-cutting different bedrock
lithologies and running in areas with different areal extents of bedrock outcrops (due to the
occurrence of Quaternary deposits). Around the fault traces, in the field, we investigated
the fracture networks of bedrock outcrops using traditional geomechanical surveys and
a topological approach to estimate the abundance and degree of fracturing in terms of
fracture intensity (P21 and I) and connectivity. The variation in fracture intensity allowed
us to define “highly fractured zones” (HFZs) near the fault traces based on the background
values of adjacent rock masses.

2. Regional Geological Framework

The investigated areas are located in the upper Susa Valley of the Western Alps
(Figure 1), which are part of the alpine orogen developed since the Cretaceous as a result of
the convergence between the Europe and Adria plates, separated by the Liguria-Piemonte
ocean [34]. As reported in the official geological map of Italy at a 1:50.000 scale [32,33],
these areas include metamorphic units belonging to the oceanic Liguria-Piemonte and con-
tinental margin domains (Brianconnais, including Pre-Piedmont Auct.) of the precollisional
Jurassic paleogeographic scenario. The Liguria-Piemonte oceanic units, in their general
traits, consist of sequences of Cretaceous carbonate metasediments (calcschists Auct.) with
intercalation of black phylladic schist in the upper stratigraphic levels, levels of continen-
tal and ophiolitic detritus, and scattered blocks of ophiolites that are locally overlain by
radiolarian cherts (Oxfordian-Kimmeridgian) and meta limestones (Late Jurassic–earliest
Cretaceous). At the highest structural levels of the Liguria-Piemonte units, the Chenail-
let unit is a klippe of oceanic lithosphere with no post-rift sediments. The oceanic units
recorded an alpine metamorphic peak under either lawsonite or epidote-blueschist fa-
cies conditions [35,36]. Among the continental units, the Ambin Massif Auct. and the
Chaberton-Grand Hoche-Grand Argentier unit are of interest in this study. The Ambin Mas-
sif comprises two different prealpine tectonic basement units, i.e., the Clarea and Ambin
units, resting at the lower and upper structural levels, respectively, and sharing a similar
Alpine tectono-metamorphic evolution from blueschist to greenschist facies conditions [37].
The Clarea unit is composed of quartz-bearing micaschist, containing bodies of metabasites
and masses of gneiss. The Ambin unit consists of micaschist and gneiss embedding masses
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of metabasites and is intruded by a Cambrian aplitic gneiss. These rocks are unconformably
overlain by a Mesozoic cover consisting of Upper Permian (–Lower Triassic) quartzite,
quarzitic microconglomerate and schists, and Lower Triassic massive quartzite passing up
through the section to Middle Triassic to Cretaceous dolomitic marble and calcareous schist
with a local intercalation of carbonate breccias.

Figure 1. Regional geological settings of upper Susa valley (modified from Servizio Geologico d’Italia
1998 and 2020). Ellipses indicate investigated areas (1—Claviere-CesanaTorinese area; 2—Oulx sector;
3—Salbetrand area).

The Chaberton-Grand Hoche-Grand Argentier unit (belongingd to the Pre-Piedmont
zone Auct) is composed of a thick Norian dolomitic succession, Rhaetian-Hettangian calc-
schists, and Jurassic calcareous schist and phyllite with discontinuous levels of breccia [38].

At the regional scale, the framework of post-metamorphic faults is dominated by
NE-SW, N-S, and NW-SE trends.

3. Methodology and Background Concepts

With the scope to define and estimate the variation in the fracture abundance in the
bedrock moving to major faults, fracture networks were characterized at sites located both
along transects that are oriented normally to fault traces and scattered in their adjacent
sectors. Sites were selected along the fault zones and in adjacent areas based on the
extension and accessibility of bedrock outcrops (both natural or created by road cuts).

At each site, fractures were collected using both linear scanline and areal sampling
methods. In addition to the foliations, fractures observed in the field were qualified
according to their dominant mode of wall rock movement, distinguishing joints (opening
mode), faults (shearing modes), and veins (opening mode fractures with filling) (e.g., [25]).
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Fracture collection along linear scanlines (ranging in length from 5 to 10 m on the
basis of outcrop extension) was performed according to the International Society for Rock
Mechanics and Rock Engineering (ISRM) suggestions (1978), and therefore, key attributes
of individual fractures (i.e., type, orientation, persistence, spacing, and aperture) were
defined. The orientations of sampled fractures were plotted in rosette diagrams to show
the relative frequency of the fracture trends.

Areal sampling method was applied to define spatial arrangement and topological
relationships of fractures and to quantify the fracture abundance as fracture intensity
P21. In outcrops where scan lines were conducted, a representative portion of the general
fracture state of the outcrop was photographed in a circular sampling area with a diameter
of 1 m, using a reference cross. Pictures of each site were imported into QGIS software,
the sampled fracture networks were digitized as lines (i.e., fracture traces intersecting
or not), and then topologically qualified using the NetworkGT toolbox [39] (Figure 2).
The network topological analysis is based on the fact that all the fractures, on the planar
surface of analysis, represent isolated and/or interacting lines that are either terminating at
their tips or cross-cutting or abutting other lines (Figure 2A). Therefore, a fracture (line)
can consist of one or more branches bounded by isolated nodes (I-nodes), where the
fracture is not geometrically connected to another fracture, and/or by connecting nodes
(C-nodes), where the fracture cross-cuts other fractures (X-type nodes) or abuts to another
with Y- or T-geometry (Y-type nodes). Then, the fracture network may include I–I (isolated)
branches bounded by I end nodes, I–C (partly connected) branches bounded by I and
X or Y end nodes, and C–C (doubly connected) branches bounded by Y and/or X end
nodes (Figure 2B). The proportion of different node and branch types can be plotted onto
triangular diagrams to characterize the fracture network [40]. Networks that are positioned
towards the I-I corner of the triangle have a high percentage of isolated branches and,
therefore, a low level of connectivity, whereas networks positioned towards the C–C corner
of the triangle have a high percentage of interconnected branches. The connectivity can be
expressed by the number of connections per branch (Cb), calculated using the following
equation (Equation (1)):

Cb = (3Ny + 4Nx)/Nb (1)

where Nx and Ny are the number of the X- and Y-nodes, and Nb is the total number of
branches [40]. Cb is dimensionless in the range of 0–2.

Fracture intensity is defined as the number of fractures per unit of sample length (P10),
fracture length per unit of surface area (P21), or area of fractures per unit of rock volume
(P32). In this study, we defined the areal intensity P21 of the sampled circular window using
the following equation [40–42] (Equation (2)):

P21 =
NL LC

A

[
m/m2

]
(2)

where NL is the number of fractures, and LC is the characteristic length defined as the
arithmetic mean of the line lengths LC = SL/NL, with SL being the sum of line lengths. It
is important to remember that because the sum of line lengths and the branch lengths are
the same in the area of analysis, intensities calculated by fracture traces (P21) and branches
(B21) have the same value.

In addition, we used the traced circle to define an unbiased estimate of fracture
intensity using the equation for circular scan line sampling [43] (Equation (3)):

I = n/(4r) [m/m2] (3)

where n is number of fracture intersections with the sampling circle (E node in Figure 2A),
and r is the circle radius (0.5 m in our study). Rohrbaugh et al., 2002, Ref. [44] suggest
that a sampling circle should contain 30 or more E-nodes to produce accurate estimates of
fracture intensity.
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sampling sites (only site 3 has a lower value of 1.34; Figure 4B,E). 

Figure 2. (A) Schematic representation of lines, branches, and nodes and triangular plots for nodes
and branch types of proportion (modified after [40]). (B) Methodology used for topological analysis
in this study. Circular sampling areas with 1 m of diameter were defined with a cross-reference, the
sampled fracture networks were digitalized in QGis, and lines, branches, and nodes were qualified
with NetworkGT tool.

4. Results
4.1. Claviere-Cesana Torinese Area

This area is located at the base of the southern slope of Mont Chaberton, between
Claviere and Cesana Torinese, where a NE-SW trending fault zone cross-cuts the continental
Chaberton-Grand Hoche unit and the adjacent oceanic units (Figures 1 and 3). In detail, in
the northern part of this area, the continental Chaberton-Grand Hoche unit overlies the
Lago Nero and other oceanic units, while to the south, the Lago Nero unit is under the
Chenaillet unit.

Fracture networks were described at 18 sampling sites, conducting two NW-SE-
trending transects of analysis across the fault zone (A-A’ and B-B’ in Figure 3). Preliminary
data from this area have been reported in Vianello (2023b) [45]. As observed during scanline
surveys, the main foliation is pervasive, with a centimetre spacing in the dolomitic rocks,
and more pervasive in the calcschists at the fault zone predominantly dips towards the
W-NW at a high angle. The most abundant sampled fractures are high-angle joints, mainly
E-W-trending. Faults, observed as both discrete surfaces and centimetre- to decimetre-thick
zones, are N-S-trending high-angle normal faults and high-angle WNW-ESE- and WSW-
ENE-trending faults with prevailing left-lateral displacements. A trend of calcite veins
ranges from WNW-ESE to E-W.

The network topological analysis revealed that the sampled circular windows recorded
nodes ranging from a few dozen up to 1700–1800. Overall, the largest percentage of nodes
is represented by Y-nodes (>60%), with X-nodes usually being more abundant that I-nodes
(Figure 4A,D). This led to a high number of C–C branches due to the predominance of
doubly connected short fractures, and the Cb values are higher than 1.90 at all sampling
sites (only site 3 has a lower value of 1.34; Figure 4B,E).
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nodes; (B,E) triangular plot showing relative percentage of I–I, I–C, and C–C branches; (C,F) variation
in fracture intensity P21 with relative digitized fracture network, estimation of highly fractured zone
(HFZ). The positions of mapped faults in the transect are reported with blue dotted lines.
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The calculated P21 values range from~10 m/m2 to 80 m/m2 (Figure 4C,F); most P21
values are about 30 m/m2 and increase up to values in the order of 50 m/m2 around the
northern fault and of 80 m/m2 around the southern fault. The P21 spatial distribution
highlights the occurrence of two zones of more pervasive fracturing—HFZ—that is roughly
centred on the fault traces and slightly asymmetrical. The HFZ along the northern fault
is approximately 400 m wide in the western part and 200 m wide in the eastern part. The
southern fault is roughly centred on an HFZ.

4.2. Oulx Region

In the Oulx region (study area n.2 in Figure 1 and detail in Figure 5), we investigated
fracture networks across N-S (Seguret river area)- and NE-SW (Pont Ventoux area)-trending
faults.
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Figure 5. Simplified geological map of the Oulx study area (location n.2 in Figure 1). The rose
diagrams in the lower box refer to fractures sampled at each site. A–A’, B–B’ and C–C’ refer to the
transects realised across the fault zones.

4.2.1. Seguret River Area

This area is characterized by a large exposure of upper Permian to Lower Triassic
quarzitic rocks that are overlaid by Triassic-Cretaceous marble and calcschists of the Ambin
unit. The pervasive foliation is mainly dipping to the WSW-S, deformed by superimposed
folds with N-S-trending axes plunging to the south and E-W-trending axes. A N-S-trending
fault zone juxtaposes quarzitic rocks and pre-Triassic micaschist and gneiss to the west of
the Rio Seguret. A total of 22 sampling sites were selected in this area, and 15 of them are
located along two W-E transects of analysis across the fault.

Scanline sampling reveals a fracture pattern that is dominated by pervasive high-
angle WNW-ESE and NE-SW joint sets, representing cross-strike and strike joints of the
folds. N-S-striking high-angle discrete slip surfaces and cm thick fault zones with normal
components and subordinate ENE-WSW faults with a left-hand component were observed
in sites located to the west of the gully.

In the sites along the two transects of analysis across the fault trace, the sampled
fracture networks have 150 nodes near the fault, decreasing by up to 40–50 nodes at
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~100–150 m from the reference fault trace. Overall, the sampled fracture networks are
dominated by Y and I nodes (with Y > I near the fault traces), and X nodes are <35–40%
(Figure 6A,D), with a prevalence of CC-type branches and Cb values between ~2 and 1.2
(Figure 6B,E).
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Figure 6. Topological data corresponding to the sites located in Figure 5: Seguret river area: section
A-A’ (A–C), section B-B’ (D–F); Pont Ventoux area: section C-C’ (G–I). In detail: (A,D,G) are triangular
plots showing nodal topology in terms of relative percentage of I, X, and Y nodes; (B,E,H) are
triangular plots showing relative percentage of II, IC, and CC branches; (C,F,I) sections show variation
in fracture intensity P21 with relative digitized fracture network and estimation of highly fractured
zone (HFZ). The positions of mapped faults are reported in the transect with blue dotted lines.

The micaschist recorded a P21 fracture intensity of about 5 m/m2 near the fault trace;
the adjacent quartzites have P21 values reaching a peak of 20 m/m2 in correspondence
to the Seguret gully (Figure 6C,F). This variation in fracture intensity depicts a zone of
increasing of fracturing of about 150 m related to very pervasive joint overlapping faulting
and/or the occurrence of a fault near the gully. The recorded highly fractured zone affects
the quarzitic rocks, which is translocated relative to the position of the fault a hundred
meters toward the east in correspondence to the Seguret creek, with an asymmetrical
variability in fracture intensity when moving away from the fracturing spike.

4.2.2. Pont Ventoux Area

In this area, a segment of the NE-SW-trending Susa Fault system cross-cuts and
juxtaposes quartz-micaschist and quartzite of the Ambin unit. In this area, 10 sampling
sites were defined. The main foliation dips toward SSW and is intersected by discrete
high-angle fault planes toward SE, often with right-lateral movement and meter spacing.
A large number of high-angle joints were sampled, with NNW-SSE, E-W, and NNE-SSW
preferential trends.

Overall, the sampling sites have several nodes of about 40–70, and locally higher
values of up to 150–160 have been counted. Usually, Y nodes are greater than 50%, with the
highest values near the main fault trace, while X > I nodes (Figure 6G). The Cb values are
always above 1.7, which is the result of a high number of CC branches (Figure 6H).
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As in Figure 6I, the P21 fracture intensity increases from background values in the
order of 8–10 m/m2 up to 25 m/m2 within a zone of 80 m bordering the fault.

4.2.3. Salbertand Area

In this area, the Ambin and Clarea units are crossed and juxtaposed by NE-SW-
trending faults (which are part of the Susa Valley fault zone). Because of the quality and
accessibility of the outcrops, seven sampling sites were considered at a fault in the Ambin
unit (Figure 7). The outcropping micaschist have a very pervasive foliation, dipping 60◦

to 80◦ to S-SE. As observed along the linear scanlines, this pervasive foliation is crossed
by high-angle joints trending NNW-SSE and WNW-ESE and by high-angle fault planes
dipping to the SE with a normal to left-lateral component of slip.
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diagrams in the lower box refer to all fractures sampled at each site.

Sampled fracture networks have nodes that are on average between 10 and 30, and
60 nodes were counted at a few sites near the fault trace and in the southernmost sites. Y-
nodes prevail in most of the sampled fracture networks, resulting in I-nodes being frequent
at sites 2 and 6, located in correspondence to the fault trace (Figure 8A). This led to a general
prevalence of CC branches with an increasing amount of C–I branches near the fault trace
(Figure 8B). The Cb values derived is >1.70 in most sites and drops under 1.00.

As shown in Figure 8C, P21 outlines HFZ areas with increasing values up to 15 m/m2,
starting from average background values that are lower than 8 m/m2. The HFZ, in
correspondence to the fault trace, can be estimated to be 100 m wide, while the width of
the southern HFZ (~300 m away from the previous one) could not be constrained due to
the absence of useful outcrops.
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with relative digitized fracture network, estimation of highly fractured zone (HFZ). The position of
mapped faults in the transect are reported with blue dotted lines.

5. Discussion

This paper has described features of and variations in the fracture network at the
outcrop scale in correspondence to major faults zone. Fracture networks were sampled
at sites that were considered representative of the general fracture conditions of the rock
masses. Fracture collection was performed via traditional geomechanical survey combined
with topological analysis to estimate the abundance and degree of fracturing in terms of
the fracture intensity and connectivity.

The resulting values of fracture intensity (P21 values) revealed an increase in the
“highly fractured zones” (HFZs) around the fault traces, starting from background values
of adjacent rock masses that were defined as the frequent P21 values observed in outcrops at
a distance from the fault trace. However, the estimated background and peak of P21 values
and the widths of their correlated HFZ vary significantly in the different analysed sectors.

Considering the NE-SW-trending fault zone in Claviere-Cesana Torinese area, calc-
schist record maximum P21 values of about 10 m/m2, while the adjacent dolomitic rocks
reach up to 80 m/m2, with average background values of 20–25 m/m2. The distribution of
P21 values indicates an amplitude of HFZs between 400 m and 200 m along the northern
fault trace, while P21 is significantly higher within a 150 m wide zone along the eastern
termination of the southern fault. In the Salbertrand area, NE-SW-trending faults cross
micaschist and show P21 background values in the order of 8–10 m/m2 and increasing up
to 15 m/m2 within a 150 m wide zone around the fault trace.

For the N-S fault located in the Seguret river sector, quarzitic rocks record an increase
in fracture intensity approaching the creek, going from P21 values around 5 m/m2 to
maximum values of 20 m/m2 in less than one hundred meters. Considering the variation
in the fracture intensity affecting quarzitic rocks, it is possible to determine a fracture zone
that is characterized by a width of almost 150 m, in which the intensity trend shows higher
values than those found in adjacent outcrops.

Taken together, these results suggest that the increase in P21 observed in the HFZ
is approximately centred around the fault traces and is clearly related to the geometric
fracture superposition of the fault-localized damage zones over the extended junction
(which somehow defines the background values of fracturing). Therefore, in the first
analysis, the estimated HFZ in correspondence to the fault can represent the fault damage
zone. However, the term “damage zone” (e.g., [21] and references therein) was avoided in
this study when describing the highly fractured zone around the fault, because a detailed
study of the kinematics and genetic relationships of the fractures with respect to the fault
was not carried out, and only geometry and relations of discontinuities were considered.

Then, the P21 values estimated in the rock masses result from the superimposition of
several factors: (i) the strength and rheology of the rocks (i.e., mechanical stratigraphy and
fabrics), largely controlling the formation of brittle structures (e.g., [46–51]), (ii) the com-
plexity of the damage zones, with an evolution through space and time of different types
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of interacting fractures and possible reactivation of pre-existing fractures (e.g., [52–59]),
(iii) and jointing, which is often controlled by the structural setting (e.g., [60–64]).

An implication of this is the resulting high variability in the degree of fracturing of
rock masses, which makes it complex to define homogeneous buffer zones in the map
view, especially when trying to define the lateral variation along the fault. An attempt
to represent the distribution of fracture intensity in a map view is presented in Figure 9,
which shows an interpolation of fracture intensity data in the Claviere-Cesana Torinese
area. It is important to outline that the realization of the map of P21 distribution has
important limitations due to the availability of adjacent bedrock outcrops (often masked
by Quaternary deposits in the Alps and/or involved in landslide phenomena) and due to
software and hardware limitations, also including manual or automatic digitalization of
the sampled networks.

1 
 

 

Figure 9. Example of interpolation of fracture intensity values corresponding to the Claviere-Cesana
Torinese sector at transects A–A’ and B–B’. The isolines (red lines in figure) represent the fracture
intensity value interpolated from the sites shown in Figure 3.

This study investigated the correlation between the fracture intensity P21, obtained
by applying the circular scanline method, and the fracture intensity I. Recent research
has suggested a linear correlation between P21 and I, with a slope of 1 and intercept ∼0
(e.g., [65,66]). Comparing the obtained values in this study (Claviere-Cesana Torinese, Oulx,
and Pont Ventoux areas), the P21/I ratio shows a good correlation with the best-fit line
for these data, being close to the 1:1 line for P21 values below 20 m/m2 (Figure 10). For
P21 values higher than 20 m/m2, this correlation is no longer valid, and the P21/I ratio
increases above 1 to values that are close to 2 when P21 is 80 m/m2. However, at some
sites, the I value could be considered inaccurate because the threshold value of 30 node
(suggested by [44]) was not reached and an inaccurate estimate of fracture intensity could
be obtained. This happened at three sites of the Seguret river area and four sites of the
Salbetrand area. Although the I-values at these sites range between 17 and 21 nodes E, the
percentage of correct estimates is reduced to between 40% and 60% (for further details,
see [44]), which is why the values are not included in the graph in Figure 10.
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Figure 10. Plot of fracture intensity data calculated from P21 and I. The distribution of points shows
a best-fit linear distribution function with slope 1 when considering P21 values below 20 m/m2,
whereas for higher P21 values, this correlation is no longer valid.

6. Conclusions

The purpose of this study was to characterize the fracturing of the rock masses at the
outcrop scale in the frame of a landslide susceptibility study. The degree of fracturing is
important for analysing landslide susceptibility, since the interaction between disconti-
nuities in rock masses influences slope stability and determines the different production
rates of disaggregated and loose material that is potentially involved in a landslide. In
landslide susceptibility studies, the degree of fracturing is usually included in the attributes
of geological formations and/or considered to be homogeneously distributed along main
faults as a regular buffer zone. For this reason, sites were selected along transects that are
perpendicular to major fault zones, where bedrock outcrops were accessible and observable.

The fracture network of bedrock outcrops was investigated via traditional surveys
and a topological approach to estimate the abundance and degree of fracturing in terms
of fracture intensity (P21 and I) and connectivity. The fracture intensity values detected at
sites that are close to faults were compared with those observed in adjacent outcrops.

The obtained fracture intensity variation shows an irregular distribution in correspon-
dence and around the mapped faults due to the interference and overlay of structures
that are related to the fault damage zone with those of other brittle deformation events
and to the strength and fabric of deformed rocks. As a consequence, the high variability
in estimated values and the lateral spatial distribution of the fracture intensity of rock
masses make it difficult to define homogeneous buffer zones along fault traces in map
view. Considering buffer zones of fracturing conditions along fault traces as defining the
variation in fracturing at a basin scale could lead to underestimating or overestimating the
strength of the rock mass in terms of its propensity to failure and in defining block volume
and geotechnical parameters.
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