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a b s t r a c t
An in-depth knowledge of the geostructural characteristics of the territory is fundamental for optimizing
the design of artificial structures. Feasibility, costs, duration, and issues of the works are strictly correlated with the geological, geomechanical, and in situ stress features of the area. Remotely sensed data
represent a source of information for detecting tectonic structures that can be complementary to traditional surveys, with the advantage of being cheaper, of covering large areas and of reducing time for surveying. The study of the regional tectonic setting together with local structural features is fundamental to
define the far-field tectonic stress and for correctly modeling the induced stress during excavation activities and monitoring stress variations. A multiscale and multidisciplinary approach was set up and
applied to an area in the Alpi Apuane marble district (Tuscany, Italy). Visually and semi-automatically
detected geological structures were analyzed and correlated to data from in-situ measurements in four
underground marble quarries, to define the far-field stress state. This study is also an attempt to bridge
the gap between structural geology analysis and remotely sensed data for far-field stress definition, correlating on-field kinematic observations and in situ stress measurements.
Ó 2020 National Authority for Remote Sensing and Space Sciences. Production and hosting by Elsevier B.
V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).

1. Introduction
Tectonic structures such as faults, large-scale fractures, and
fracture zones play an important role in many geological, hydrogeological, mining, and geoengineering fields. In-depth knowledge of
the geostructural aspects is fundamental for optimizing the design
of artificial structures. The preliminary design requires to consider
both the areal extent of the structure and its surroundings, to identify geological and tectonic features and their possible interactions
with the structure. In many cases, traditional surveys do not provide exhaustive coverage of the study area, due to the inaccessibility of the sites and the high investigation costs.
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Digital Terrain Models (DTM) can be used as shaded relief models either alone (Seleem, 2013) or in combination with aerial
images at a regional scale (Jacques et al., 2012).
For these reasons, the spreading of automatic or semiautomatic methods for regional-scale analysis is encouraged by
many authors (Ganas et al., 2005; Ramli et al., 2010; Masoud and
Koike, 2011; Vaz et al., 2012; Soto-Pinto et al., 2013; Al-Obeidat
et al., 2016(Ferrero et al., 2016)), coupled whit on-site surveys
for validating and integrating the results.
The local stress field derives from the far-field tectonic stress,
also known as ‘‘far-field boundary conditions” (Maerten et al.,
2016), and it is an essential parameter for the definition of the
geomechanical model. Unfortunately, it is not possible to directly
measure past tectonic stresses, but a rough reconstruction of their
orientation can be made by analyzing geological structures.
Focusing on underground works, their design and stability are
strictly influenced by the local and regional stress field, in addition
to rock mass properties.
Since the exact evaluation of the natural stress state is not possible (Amadei and Stephansson, 1997), methods of paleostress
analysis from faults data (particularly fault-slip data) have been
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modeling the induced stress during excavation activities, planning the in-situ measurements, and monitoring stress
variations.
In this paper, the authors present an example of regional tectonics analyzed on DTM, in association with on-site geostructural characterization, for the far-field stress definition. The
results are integrated with in-situ stress measurements to point
out the local stress field and its modifications induced by the
quarry excavation.
The methodology is applied to four underground quarries
located in the Alpi Apuane marble district (Tuscany, Italy), named
Piastriccioni, Fantiscritti, Ravaccione, and Piastreta quarry.

successfully used in the last five decades. The regional tectonic
stress strongly influences faults and fractures, and this is the reason why most of the studies that aim to characterize the stress system analyze orientation, interaction and fracture mode (opening,
closing, shearing) of faults (Angelier, 1994; Lisle et al., 2001;
Célérier et al., 2012; Fossen, 2016).
Morphology and local geological structures can modify the orientation of the main stress tensors of the regional stress field
(Rawnsley et al., 1992; Maerten et al., 2016), and they need to be
considered in the planning stage and the monitoring activities.
Thus, combining far-field tectonic stress, local geological
structures, and morphology becomes fundamental for correctly

Fig. 1. Geographical location and geological map of the study area (modified from Molli et al., 2002).
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2. Geographical and geological settings

All the quarries are exploited with the room and pillar excavation technique in the underground environment using diamond
wire saws and/or marble chainsaws. The average height of Piastreta underground caverns is 8 m, while the other quarries have
higher caverns (20–25 m).

The Alpi Apuane belong to the northern Appennine (NW Tuscany, Italy) and include four tectonic units: the Liguride and subLiguride systems, the Tuscan Nappe (TN), the Massa Unit (MU)
and the Apuane Unit (AU). They represent a tectonic window in
which the deepest outcropping rocks belong to the AU and the
MU, which are polideformed metamorphic units and constitute
the Apuane Metamorphic Complex (Molli et al., 2002). In detail,
AU (Fig. 1) comprises a Paleozoic basement, Upper Triassic to Liassic carbonate platform deposits, Dogger to Tertiary calcschists,
metacherts, phyllites, and metasandstones.
In particular, the well-known Carrara Marble derives by the
greenschist facies metamorphism of the carbonate Liassic platform
deposits (Marmi s.s. Formation) (Molli et al., 2002).
According to Carmignani and Kligfield (1990), in the Alpi
Apuane, two deformation phases, D1 and D2, can be recognized.
In particular, in the AU, during D1 contractional tectonics, isoclinal
northeastward folds and widespread stretching lineation (L1) were
developed. The so-called Carrara Syncline and the Vinca-Forno
Anticline are the most famous D1 folds in the studied area, with
axis trending NW-SE and axial plane schistosity (S1) dipping to
SW.
Subsequent deformation events (D2) happened with an early
D2 stage, with west-vergent folds, associated with a low dipping
to sub-horizontal axial planar foliation (S2), and a late D2 stage
of folds with a sub-vertical axial plane and high angle normal
and transcurrent faults (Ottria and Molli, 2000).
The four marble quarries analyzed in this study belong to the
AU. Since Ravaccione and Fantiscritti quarries belong to the same
mining district and they are close to each other (Fig. 1), in the following, they will be included in a unique area.

3. Methodology
A multiscale and multidisciplinary approach was set up to
define the far-field stress state of the area in which the four quarries are located.
At a regional scale, the lineament extraction was performed on
three rectangular DTMs (area of about 10 km2), using regional DTM
(GEOscopio, http://www.regione.toscana.it/-/geoscopio), with a
resolution of 10x10m. The results were compared with the literature data.
These databases were then integrated with data obtained from
traditional geostructural surveys carried out in the quarries. In situ
stress measurements were carried out in the same quarry areas
and compared with regional and local structural data.
In the next sections, a brief description of the methodologies is
provided.
3.1. Lineament extraction
3.1.1. The semi-automatic approach (SAA)
CurvaTool code is based on the calculation of principal curvature values for each point of a 3D digital model, as indexes of local
convexity and concavity of the surface, respectively.
The original code was modified for identifying linear features on
DTMs representing portions of the territory and was tested on different case studies (Bonetto et al., 2017; 2020;; Umili et al., 2018).

Fig. 2. Schematic representation of fracture types and relationships with principal stress axes (modified from Cosgrove and Hudson, 2016).
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Fig. 3. Lineament extraction results from VA (a, c, e) and SAA (b, d, f) approaches.

Table 1
Results of VA and SAA approaches in terms of number and total length of detected linear features.
Pertaining area

Surface area [km2]

Fantiscritti-Ravaccione
Piastriccioni
Piastreta

10.44
8.27
11.77

Visual approach

Curva Tool Code

Number of linear features [-]

Total length [km]

Number of linear features [-]

Total length [km]

250
176
154

64.94
57.08
58.03

871
607
1016

119.82
83.75
139.29

4

Egypt. J. Remote Sensing Space Sci. 24 (2021) 1–13

Sabrina Maria Rita Bonetto, F. Vagnon, G. Umili et al.

Fig. 4. Comparison between rose diagrams obtained using the VA and SAA for each study area.
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of interest. Due to the geometrical approach, the quality and the
resolution of the DTM, strongly affect the results.
Three DTMs, called following the names of the quarries
(Ravaccioni-Fantiscritti, Piastreta, and Piastriccione), containing
the same areas as the ones used for the visual approach, were input
in CurvaTool code. Each DTM, cut from the regional DTM (GEOscopio, http://www.regione.toscana.it/-/geoscopio), represents an
area of about 10 km2, with an average ground resolution of

A linear feature in CurvaTool philosophy represents a set of
clustered points, each characterized by a principal curvature value
bigger than the assumed threshold: a line can be fitted on that set,
obtaining a direction to North. Therefore, linear features identification comes from a purely geometrical analysis of the DTM: the
post-processing of the results, namely the classification of linear
features, depends on the purposes of the work and requires the
expertise of the user to discard features not representing elements

Fig. 5. Geological map (simplified from Molli et al., 2010) of the Ravaccione-Fantiscritti basin (a) and cross-section AA’ with the location of the quarries (blue circle) (b). Equal
angle projection of the main sets measured in the area (c).
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the QGIS environment, which groups the segments according to a
selected orientation and visualizes the distribution of segments
directions as a rose diagram. The visual approach is based on the
experience of the operator. The analysis was based on the observation of the hill-shaded DTMs, their elevation contour maps and
available aerial images, in order to show the exact locations of valleys, ridges, and slope breaks and to reduce the effect of the change
in the illumination azimuth. The segments representing linear features with potential morpho-tectonic and drainage meaning (such

10x10m. Results were compared and related to literature data in
terms of orientation and corresponding tectonic events.
Sites have been intensely modified by marble exploitation, and
the authors would like to test the code to verify its performance
also on this kind of area.
3.1.2. The visual approach (VA)
Manual extraction of linear features was performed on the three
DTMs and processed with the Line direction Histogram plug-in in

Fig. 6. Geological map (simplified from Vaselli et al., 2007) of the Piastriccioni basin (a) and cross-section AA’ with the location of the quarry (b). Equal angle projection of the
main sets measured in the area (c).
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hypothetical), and it is better defined with the geological knowledge of the area (O’Leary et al., 1976).

as rectilinear or segmented patterns of valleys, scarps, ridges, drainage pattern offsets, and stream-segment alignments) were drawn
according to the geomorphological criteria. Differences in color
tones and light contrasts were also considered in conformity with
the tonality criterion. Tonality varies as a function of differences in
vegetation, lithology, soil water content, permeability, and rock
strength (O’Leary et al., 1976).
While a linear feature simply represents a straight line fitting a
set of clustered points geometrically aligned along a specific direction, a lineament takes on a morpho-tectonic meaning (real or

3.2. Geological and geomechanical survey
In order to characterize quarries materials and the surrounding
outcrops, geological and traditional geomechanical surveys were
performed according to the ISRM suggested methods (1978). In
sectors where it was not possible to use scan lines, the window
method was used to collect data on discontinuities.

Fig. 7. Geological map (simplified from Carmignani et al., 2003) of the Piastreta basin (a) and cross-section AA’ with the location of the quarry (blue circle) (b). Equal angle
projection of the main sets measured in the area (c).
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Table 2
Principal stress components with mean orientation and intensity for Ravaccioni-Fantiscritti, Piastriccioni and Piastreta quarries.
Quarry

Borehole

Depth of investigation [m]

Principal stress

Magnitude [MPa]

Plunge [°]

Trend [°]

Ravaccione - Fantiscritti

F 01

4.27

r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3

17.4
4.3
2.2
10.8
5.2
3.7
16.5
1.3
0.5
16.54
2.2
0.6
10.2
8.5
4.5
9
2.5
1.6

53
27
23
46
41
13
79
10
4
81
9
1
61
9
27
63
23
14

172
40
297
170
16
274
242
86
355
293
117
27
117
224
318
106
320
244

7.06

F 02

6.9

9.65

Piastriccioni

Piastreta

3.8

Table 3
Comparison between paleostress reconstruction and in-situ stress measurements.
Quarry

Ravaccione - Fantiscritti

Piastriccioni

Piastreta

Principal stress

r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3
r1
r2
r3

Paleostress

In-situ measurements

Plunge [°]

Trend [°]

Plunge [°]

Trend [°]

78
10
6
78
10
6
78
10
6
78
10
6
63
16
21
81
6
7

47
263
171
47
263
171
47
263
171
47
263
171
324
86
182
263
33
124

53
27
23
46
41
13
79
10
4
81
9
1
61
9
27
63
23
14

172
40
297
170
16
274
242
86
355
293
117
27
117
224
318
106
320
244

geneities, fault zones) or artificial excavation ones. Moreover, the
stress measurement is influenced by topography, rock type,
heterogeneity, and geological structures.
In this study, the authors used two different techniques for
measuring in situ stresses: the CSIRO cells (Ravaccione, Piastreta,
and Fantiscritti quarries) and the CSIRO Doorstopper method (Piastriccioni quarry).
Both the methods are based on the principle of over-coring
a pilot hole in which measuring strain devices are to be
installed. On the hypothesis of continuous, homogeneous, and
isotropic rocks and considering the theory of linear elasticity,
the strain variation can be used for the determination of the
stress field.
The CSIRO triaxial strain cells allow for the complete determination of a stress tensor from a single over-coring operation in one
borehole, with the main advantage of drilling of only one borehole
for defining the whole stress field. The main limitations are the
cost of the cell, the need for long unbroken over-cores, and the
long-lasting installing operations.

3.2.1. Estimating stress orientation from geological structures
Many researchers have used faults, folds, joints, dikes, sills, volcanoes, fault striations, or slickensides, as indicators of paleostresses (Price and Cosgrove, 1990). Shape, kinematic pieces of
evidence, and geometrical relationships of geological structures
allow for the estimation of stress orientation and, at least qualitatively, its magnitude, in terms of a hierarchical classification of
principal stresses (Cosgrove and Hudson, 2016).
Three main types of fractures can be recognized: shear fractures, extensional fractures, and hybrid ones. Based on theoretical
concepts (Cosgrove and Hudson, 2016), knowing the orientation of
the failure surface, the type and direction of the movement, it is
possible to infer the original paleostress (Fig. 2).
3.2.2. In situ stress measurements
Theoretically, it is not possible to directly measure the stress
state in a rock mass. The prerequisite for the proper evaluation of
the virgin stress field is that the measurements are located sufficiently far away from natural boundaries (e.g., rock mass hetero-
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Regarding CSIR Doorstopper cells, a 45 degrees strain rosette
consisting of three strain gages is cemented at the base of the borehole. Before and after over-coring, the strain variation is recorded,
and the stresses evaluated considering the elastic properties of the
rock. The main advantages of this technique are its limited overcore length and the short time for performing the test. The
disadvantages are the need for a perfectly flat and smooth surface
where to glue the cell, at least three boreholes for the definition of
the stress field, and the impossibility of continuous monitoring
during over-coring.
4. Results
4.1. Lineament extraction
The main results of linear feature extraction obtained
with VA and SAA methods are shown in Fig. 3 and detailed in
Table 1.
The frequency and orientation of the linear features identified
in each macro-area are plotted in rose diagrams (Fig. 4). The two
approaches show a quite coherent trend distribution of the main
linear features. In general, the three regions are characterized by
four main trends (NNE-SSW, NE-SW, NW-SE, and E-W to ENEWSW). They match the orientation of the main geological structures associated with D1 and D2. This coherence supports the
assumption that those linear features represent the morphotectonic expression of regional and local structures and represent
potential geological lineaments. Some differences in terms of frequency are observed comparing the two approaches. In detail:
In the Ravaccione-Fantiscritti area, lineaments follow three
main orientations: NNE-SSW (high frequency both in VA and
SAA), NE-SW (more evident in VA), and NW-SE.
In the Piastriccioni area, both the approaches highlight three
main trends: NNE-SSW (the most frequent), NW-SE and E-W.
In the Piastreta area, NNE-SSW trending linear features are the
most abundant. NW-SE and E-W trends are highlighted, particularly in SAA, although they are present in small percentages.
4.2. Local geological and geomechanical surveys
Geological information and geomechanical data were collected
in each quarry site. Most of the surveyed fractures are associated
with the orientations of the main faults.
Fractures are sensitive markers of stress change and occur pervasively in shallow tectonic environments; therefore, they are considered as stress indicators (Pollard and Segall, 1987; Arlegui and
Simón, 2001).
4.2.1. Ravaccione - Fantiscritti site
The Ravaccione and Fantiscritti quarries are located in the Fantiscritti mining district. They are geologically situated at the core of
the Carrara Syncline (Fig. 5a). The exploited marble belongs to the
Marmi s.s. Formation (MAA in Fig. 5b) and shows the main bedding, S0, and the main schistosity, S1, WSW-dipping at medium–
high dip (260/56).
Two main fracture sets were recognized in the quarry (Fig. 5c),
respectively NW-SE and E-W oriented.
4.2.2. Piastriccioni quarry
The Piastriccioni Quarry is located in the Pescina Boccanaglia
mining district, in the northwesternmost part of the Carrara Basin.
In this district, the Marmi s.s. Formation outcrops in correspon-

Fig. 8. Trend and plunge representation of the stress tensor, respectively, from insitu measurement (blue) and far-field interpretation (red) for Ravaccione-Fantiscritti (a), Piastriccioni (b) and Piastreta (c) quarries. The arrows represent the
orientation of r3.
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Trends similar to those of linear features have been locally identified in the quarries during geomechanical surveys, attesting the
coherence of the mesoscale fractures with regional structures,
and lineaments obtained from DTM processing (Fig. 3). Geometrical features and kinematics indicators of those fractures help in the
reconstruction of the local natural stress and the relationship with
the far-field paleostress.
The structural associations in the Ravaccione - Fantiscritti quarries is represented by two main sets of fractures, NW-SE and NESW to ENE-WSW oriented, These orientations are coherent with
the D1 strike-slip faults and the D2 normal to normal-oblique
regional faults, which are linked to a vertical maximum stress,
r1, and horizontal intermediate and minimum stress, r3, NNWSSE trending.
In the Piastriccioni quarry, the NW-SE and NE-SW trending fractures show geometrical similarity with the D1 strike-slip faults. In
contrast, the E-W to WNW-ESE trending and the NNE-SSW striking
fractures are coherent to the D2 normal and oblique normal faults.
All those structures suggest a local vertical maximum stress (r1),
horizontal intermediate (r2), and minimum stress (r3), respectively oriented about E-W and N-S.
In the Piastreta quarry, superimposed D1/D2 structures are present with NW-SE and E-W trending fractures connected to strikeslip and reverse D1 brittle structures, in association with NE-SW
and ENE-WSW striking sets linked with the regional D2 normal
faults system (Molli and Vaselli, 2006). Such structures are coherent with a final extensional stress field, with sub-vertical r1 and
sub-horizontal r2 and r3, respectively NW-SE and NE-SW
trending.
All local natural stress fields are in accordance with the far-field
paleostress reported in Ottria and Molli (2000) that reported two
major groups of tensors. The first one, linked to the compressional
tectonic stage, is characterized by a vertical intermediate stress
(r2), a sub-horizontal N-S oriented principal stress (r1), and a
minor E-W trend stress (r3). The second one, associated with
the extensional stage, is represented by a vertical r1, a subhorizontal N-S oriented r2, and an E-W to NE-SW trending r3.
The in-situ stress measurements record the influence of the
quarry activities, which becomes progressively weaker going far
from the rock mined faces (particularly evident in the
Ravaccioni-Fantiscritti quarries, where deeper measurements were
carried out in the same borehole, Table 2). In Table 3, in-situ stress
measurements are compared with the local stress field resulting
from both geological and geomechanical field surveys and literature (Ottria and Molli, 2000).
In Fantiscritti (Fig. 8a), r1 changes from N47 to N170 trend
with a plunge reduction, becoming quite parallel to the rock face,
whereas r3 rotates up to a WNW-ESE trend (from N171 to
N297), which corresponds to the perpendicular to the rock face.
Both r2 and r3 show a little increase in the plunge values.
In Ravaccione (Fig. 8a), the quarry face was already oriented
nearly parallel and perpendicular to the maximum and minimum
paleostress tensors, respectively. Arrangements in r1 and r3 are
observed with the vertical r1 paleostress changing in trend from
about N47 to N293 and the horizontal r2 and r3 rotating of about
180 degrees.
In Piastriccioni (Fig. 8b), r1 just modifies the trend from N263
to N106, maintaining a quite vertical plunge, whereas r3 and r2
rotate of about 40 degrees counterclockwise. The r3 and r2 are
reoriented perpendicularly to the NE-SW and NW-SE face,
respectively.
In Piastreta (Fig. 8c), r1 maintains the original vertical orientation with a change in the trend (from N86 to N263) and the horizontal r3 and r2 just rotate of about 60 degrees

dence of the normal and reverse limb of the Carrara Syncline
(Fig. 6a and 6b).
The S1 schistosity is W-dipping with a NNW-SSE direction
(N300), and six sets of fractures have been censed, representing
three sets of conjugate fractures trending NE-SW, NW-SE, and
NNE-SSW (Fig. 6c).
4.2.3. Piastreta quarry
The Piastreta quarry is in the Piastreta-Sella mining district. The
quarry is situated in the reverse limb of the Monte Tamburna Anticline (Fig. 7a). The ‘‘Marble” Formation outcrops in the area
(Fig. 7b) with the original bedding (S0) and the main schistosity
(S1) dipping to W with NNE-SSW direction (N15). The D1 event
caused isoclinal folds with N-S striking axial plane W-dipping;
the D2 stage produced only a bland waving of the main schistosity
S1 at the mesoscale.
Besides the main schistosity, five fracture sets were identified in
the quarry (Fig. 7c), indicating three different systems (NE-SW,
NW-SE, and E-W) with conjugate fractures each.
4.3. In situ stress measurements
In Ravaccione and Fantiscritti quarries, four in situ stress measurements with CSIRO cells were carried out in correspondence
of two horizontally drilled boreholes (F01 and F02) (Ferrero
et al., 2013; Alejano et al., 2017).
F02 is oriented NS in correspondence of an EW trending quarry
face, whereas F01 is NNW-SE striking, and the rock face is NE-SW
oriented.
In the Piastreta quarry, the CSIRO cell was installed inside a horizontal borehole E-W oriented (trend and plunge of 80 degrees and
3 degrees, respectively). The rock face is NNW-SSE striking, perpendicular to the borehole.
In the Piastriccioni quarry, doorstopper cells were installed in 3
boreholes with orientation varying from N-S to WNW-ESE.
The results in terms of main orientations and intensities for
each area are reported in Table 2.
5. Discussions
Trends of the linear features are quite coherent in VA and SAA.
They are consistent with the main directions of the geological
structures associated with the deformational events reported in
the literature (Carmignani and Kligfield, 1990; Molli et al., 2002;
Ottria and Molli, 2000).
The high number of NNE-SSW trending ones, detected by both
VA and SAA, is justified by the presence of both D1 and D2 structures with similar orientations: axial planes of early D2 folds, normal and oblique-normal D2 faults and sinistral strike-slip D1 faults
show such trend.
The NW-SE trending linear features, particularly evident in the
semi-automatic approach, match the direction of both the axial
plane of D1 isoclinal folds and the dextral strike-slip faults associated with the brittle D1 deformation.
The E-W average trend detected by the semi-automatic method
is coherent with local E-W trending D1 reverse faults and ENEWSW (up to NE-SW) trending D2 normal to oblique-normal faults
(Molli et al., 2010).
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6. Conclusions
Geological structures could represent useful indicators of paleostress and are fundamental for the far-field definition. The analysis at the mesoscale of the orientation, kinematic, and geometrical
properties of the geological structures allows for the estimation of
stress orientation and, at least, qualitatively, the hierarchical classification of principal local stresses.
Field data also allowed to associate similar kinematic indicators
to specific sets of structural elements that can be identified at local
and regional scale in relation to the different deformational events
of the area.
The rapid development and affordability of the products, the
need to work on big areas, even not accessible, and the (semi-)
automatic processing allow for the use of remotely sensed data
for multiscale approaches, integrating regional data to field survey
observations, usually limited to the accessible areas. In particular,
the remote sensing helps to recognize the presence, at a regional
scale, of morphotectonic structures with geometrical features similar to those recognized at the local scale on the field and associated to specific kinematic meanings. This furnishes a more
detailed framework for the far-field definition, particularly where
scarce literature data are available.
Moreover, the visual approach in the image analysis is strongly
subjective and depends on the experience of the operator: the possibility to operate with automatic or semi-automatic techniques in
the interpretation of the DTM features offers the opportunity to
improve the objectivity of the processing at the regional scale.
The proposed methodology is extremely versatile since it allows
the determination of the direction and (at least qualitatively) the
amount of the stress state at basin scale by using different types
of remotely sensed image (satellite or aerial images) and data
(LIDAR). This information can be coupled by field surveys and
stress measurements in order to validate the hypotheses made
and to quantify the stress state tensor acting in that area.
In underground works, the natural stress state changes according to the design and development of excavation. To avoid stability
problems, in situ measurements and numerical models must be
produced during the design and monitoring, to guarantee safety
conditions and the knowledge of the far-field results fundamental
to set a correct numerical model and define the variations of the
local stress produced by the excavation at the time of the
measurements.
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