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Abstract: Understanding the in situ stress state and mechanical properties of rock masses
is essential for ensuring the stability and safety of quarrying operations. This study
aims to estimate the natural stress state of rock using the CSIRO HI (Hollow Inclusion)
triaxial overcoring method; we also conducted numerical modelling by applying the
Distinct Element Method (DEM) for stability assessments in quarry environments. The
investigation provided comprehensive insights into the geomechanical properties of the
rock mass and the stability of quarry fronts. Precise measurements and analyses of in
situ stress contributed to a detailed understanding of stress distribution within the rock.
Additionally, biaxial compression tests further characterized the mechanical behavior of
the rock, which was essential for accurate modelling and simulation. Numerical modelling
using DEM facilitated an in-depth stability analysis, allowing evaluation of potential failure
mechanisms and proposal of effective mitigation strategies. The 3D numerical model was
calibrated using in situ measurements from CSIRO HI data and was employed to simulate
future excavations. DEM modelling was particularly crucial because of the fractured nature
of the rock mass, which necessitated thorough stability verification in excavation design
simulations. This research advances the scientific understanding of stress distribution and
mechanical behavior in jointed rock masses, ultimately contributing to the development of
safer and more efficient quarrying practices.

Keywords: CSIRO HI cell triaxial method; 3D numerical modelling; Distinct Element
Method; stress state calibration; mining safety

1. Introduction

This study reports the results of an investigation focused on estimating in situ stress
states and conducting numerical modelling to provide scientific insights and perform
stability checks on a marble quarry in the Apuan Alps, Italy [1-4]. The investigation used
an integrated approach, combining direct in situ measurements with advanced numerical
simulations. We used the CSIRO (Commonwealth Scientific and Industrial Research Orga-
nization) Hollow Inclusion (HI) triaxial cell method, a technique that has been extensively
validated for measuring the natural stress state of rock masses [5]. The method is based
on measuring elastic deformation in a cavity embedded in the rock outcrop and provides
high-precision data on stress orientation [6].
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The CSIRO HI method offers several advantages over traditional techniques for mea-
suring in situ stress; these include overcoring, hydraulic fracturing and strain gauge
monitoring. For example, overcoring, which involves extracting a rock core to measure
its stress state, can disturb the natural stress field, reducing the reliability of the results.
Additionally, the need to drill into the rock limits its application in fragile or highly frac-
tured materials, where measurements may not be representative of the surrounding rock.
In contrast, the CSIRO HI method measures elastic rock deformations thanks to a cell
directly inserted into the cavity drilled in the rock, minimizing disturbance to the natural
stress field and allowing precise data collection without compromising the surrounding
conditions [7]. Hydraulic fracturing, another commonly used technique, involves injecting
fluids into a cavity to create fractures and measure the stress induced. This more invasive
technique may be ineffective in compact or highly fractured materials where fluid injections
cannot induce significant fractures. Furthermore, it only provides information on stress
at the induced fractures, limiting the ability to obtain a comprehensive assessment of the
stress state of the rock mass [8]. The CSIRO HI method, on the other hand, provides a
continuous precise assessment of the in situ stress state, enabling direct measurement of the
principal stress components and their orientation. This ability to simultaneously measure
the principal stresses without disturbing the natural stress field makes it an innovative and
particularly advantageous method compared to other techniques that only focus on local
deformations or require invasive modifications to the rock material [9,10].

The specific objectives of the research were as follows:

e  Estimation of the in situ stress state using CSIRO HI tests, which determine the natural
stress state by measuring the deformation of the rock surrounding the sensor cavity [11];

e  Measurement of the biaxial deformability of rock samples, focusing on their response to
mechanical stresses. This data is critical for the mechanical characterization of rock and
for determining the elastic moduli necessary to calibrate the numerical models [12];

e  Advanced numerical modelling by the 3D Distinct Element Method (DEM) to simulate
the behavior of the rock mass and to evaluate the stability of the excavation fronts,
including the potential impacts of future extraction activities [13].

The study area is the Colubraia Formignacola quarry on the eastern slope of Monte
Focoletta (altitude 1677 m a.s.l) in the municipality of Vagli di Sotto (Lucca, Italy). The
quarry features sub-vertical faces created by previous marble extraction operations and
includes overhanging walls exceeding 20 m in height relative to the adjacent yards. The
excavation surfaces are intersected by fractures that exhibit persistence which can be ob-
served in outcrops at decametric and plurimetric scales. These fractures and structural
discontinuities directly affect the stability of the quarry walls, making quantitative and qual-
itative descriptions of the rock mass discontinuities essential [14]. Engineering-geological
analysis is crucial for understanding the stability of the rock mass, as its mechanical behav-
ior depends on various interacting factors, including excavation geometry, in situ stress
state and presence of structural discontinuities such as joints and faults [15]. These struc-
tural elements influence the propagation of internal stresses which can lead to instability
hazards [16]. Joint aperture, orientation and persistence are crucial factors that must be
precisely assessed to design safe and effective excavation plans [17]. In this case study, the
in situ geomechanical survey, integrated with data from technical reports provided by the
ownership [18,19], allowed characterization of the rock mass by the classification methods
of Bieniawski [20], Hoek [21] and Romana [22,23]. We also used the CSIRO Triaxial HI
method to determine the principal stress components and identify the direction of principal
stresses that affect rock behavior [24]. The data obtained from the CSIRO HI tests was
used as input for 3D numerical modelling (DEM) [25], which is particularly effective for
simulating the behavior of discontinuous rock masses [26]. DEM is valuable for analyzing
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the stability of quarry faces as it accounts for rupture and sliding along discontinuity
surfaces, accurately simulating the behavior of rocks subjected to complex and non-linear
loads [27]. To evaluate the stress state of the quarry, both in its current and its projected
future state—including the entrance to underground sections—three-dimensional numeri-
cal modelling was carried out using 3DEC v.7 software [28]. The geometries of the model
and the underground cavities were derived by integrating data from drone-based aerial
photogrammetric surveys, a regional 3D point cloud obtained from an aerial flight using
LiDAR (Light Detection and Ranging) technology, and detailed topographic information of
the area. The results obtained from modelling and calibration with CSIRO HI tests allowed
assessment of the current and projected quarry stress states and are therefore useful for
addressing potentially critical areas in a direct and precise manner, and thereby continuing
extraction activities safely.

2. Geological and Geomorphological Setting

The Colubraia Formignacola quarry is located in the eastern part of the Apuan Alps,
specifically on the hydrographic left of Fosso Tambura, which flows into the Arnetola Valley
and thence into Lake Vagli (Figure 1).

Figure 1. Location of the study area (red arrow indicates the Colubraia Formignacola quarry). The
map was created using the satellite basemap of ESRI™ ArcGIS Pro software (version 3.2).

Since 2017, the extraction area has been authorized for mixed cultivation as follows:

e  Open-pit mining, which involves lowering the main platform to an elevation
of 1168.5ma.s.l

e  Underground mining, which includes sub-orthogonal exploration tunnels, creating
two independent yards between elevations of 1191.5 and 1186.5 m a.s.1.

The extraction area is delimited to the east by steep roads and to the west by the
excavation fronts that show differences in elevation ranging from 30 to 80 m. The marble is
currently extracted using the multiple step-back method with steps ranging in elevation
from 3 to 6 m. At the northwest limit, at 1186.6 m a.s.l., there is an underground test pit
approximately 3.2 m high and 6 m deep, while in the southern sector, two exploration
tunnels, 6 m high, extend tens of meters in southwest and southeast directions (Figure 2).
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Figure 2. Orthophotomosaic of the Colubraia Formignacola quarry from the UAV photogrammetric
survey, with the planned underground excavation sites highlighted in yellow.

Of particular importance is the current mining plan, which includes underground
mining activities. Specifically, it is planned to open the new tunnels, indicated in yellow
in Figure 2, in the northwestern sector of the current quarry, specifically at the base of
the northernmost exploration test pit. The plan involves constructing several exploratory
branches and a secondary exit adjacent the main entrance with tunnels having a constant
height of about 6 m. The plan includes leaving a ~12 x 18 m pillar between the two accesses.

The entire area of the Colubraia Formignacola quarry lies within the San Viviano
Syncline, a fold related to the D2 tectonic event that modified the original Arni Syncline from
the D1 phase [29]. This fold completely affects the Marble Formation, which includes white,
grey and ivory-colored marbles with thin layers of muscovite marble and occasionally
greenish grey calcschists, as indicated in the Regional Geological Map, section 249070 [30].
Locally, the marbles are interbedded with carbonate phyllites, dolomites and dolomitic
marbles. Metamorphic monogenic breccias, composed of marble elements ranging from
centimeters to meters in size, are also sometimes present.

The quarry is characterized by the commercial variety “Arnetola Arabescato Marble”
as highlighted in Figure 3, which shows an extract from ornamental stone map no. 49 “Min-
ucciano Massa” [31]. This variety consists of breccia with white clasts ranging in size from
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5 to 50 cm, featuring flat schistosity surfaces and predominantly calcareous cement, grey
in color due to the presence of microcrystalline pyrite (Figure 3B). The geological age is
attributed to the Lower Lias.

Figure 3. Ornamental stone map no. 49 “Minucciano Massa” (modified from [31]) with the quarry
highlighted by a yellow ellipse (A); example of Arnetola Arabescato Marble (B).
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3. Materials and Methods
3.1. Topographic and Cartographic Survey

Due to the considerable height of the quarry walls in the Apuan Alps and the le-
gal requirement of annual mapping, the use of UAVs (Unmanned Aerial Vehicles or
drones) for surveys and 3D modelling by aerial photogrammetry has become widespread.
Over the years, this need has led to the production of substantial data, also used in
research contexts [32-34].

The aim of this research was to acquire and generate a 3D point cloud using drone-
based aerial photogrammetry, and after accurate georeferencing, to produce the corre-
sponding orthophotomosaic. Artificial targets on the ground were used to georeference
the photos; Ground Control Points (GCPs) were measured using geodetic GNSS (Global
Navigation Satellite System) receivers in NRTK (Network Real Time Kinematic) mode and
the coordinates obtained were projected on national cartographic system Monte Mario Italy
1 coordinate system (EPSG: 3003).

To better illustrate the workflow of the study, Figure 4 shows a flowchart summarizing
the main phases of the topographic and cartographic survey, from data acquisition by
drone survey to georeferencing and 3D modelling.

Geometric reconstruction for 3D Modelling Georeferencing process

Positioning of GCPs in the study ‘
arca

GNSS measurement of GCPs

¥
UAV survey
Data processing and georeferencing
to Monte Mario Italy 1 system

v

Acquisition of photographs

L4 v

Photogrammetric processing Import of georeferenced data into
using Agisoft™ Metashape Agisoft™ Metashape software

!

Creation of the 3D dense point cloud, DTM and orthophotomosaic
Figure 4. Workflow showing the main phases of the topocartographic survey.

In this case study, the photogrammetric survey was conducted by the company Spaziot-
tantatre using a DJI Phantom 4 Pro 2.0 drone, equipped with a 1-inch CMOS sensor with
a photographic resolution of 20 MP. To georeference the cartographic survey into the
EPSG: 3003 reference system, ten GCPs were measured using a Topcon™ Hiper VR
GNSS receiver in NRTK mode with measurements averaged over 10 epochs, corrected
differentially using permanent stations from the NetGeo network. The initial ellipsoidal
coordinates were transformed into geoidal coordinates using the Thopos™ code and IGM
gk2 grids. The flight mission allowed us to acquire 545 photographs, which were subse-
quently processed using Agisoft Metashape™ v. 2.0.2 software which employs Structure
from Motion [35] and Multi-View Stereo (MVS) [36-38] techniques to align photographic
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images. This enabled the creation of the dense 3D point cloud, the Digital Terrain Model
(DTM), and the orthophotomosaic of the study area.

3.2. Geotechnical Characterization of the Rock Mass
3.2.1. Intact Rock Properties

The physical and mechanical properties of the intact rock were primarily obtained from
technical reports provided by the quarry owner [19]. The values of the elastic parameters
(i.e., Young’'s modulus “E” and Poisson’s ratio “v”) were determined by biaxial compression
tests conducted in situ as part of this study. These tests were essential for evaluating the
rock’s response to stress under realistic conditions. According to [19], the geomechanical
data on intact rock are from the Catalog of Commercial Varieties of Apuan Marbles [39]. The
catalog provides comprehensive information on the various Apuan marble types including
their physical and mechanical properties. The characteristics derived from these sources
are summarized in Table 1.

Table 1. Geomechanical parameters of the intact rock.

Geomechanical Parameters

Uniaxial compressive strength (MPa) 126.0
Flexural strength (MPa) 7.5
Tensile strength (MPa) 8+3
Shear strength (MPa) 205
Density (kg/m?) 2730
Elastic modulus—E (MPa) 79,803 £ 2033
Poisson’s ratio 0.38 + 0.04
Friction Angle (°) 37£3
Cohesion (MPa) 5+2

3.2.2. Characteristics of Discontinuities

In order to create the 3D model of the quarry for assessing the stress states, as done
by other authors for similar purposes [40-42], it was necessary to characterize the discon-
tinuities affecting the rock mass under study. The in situ engineering—geological survey
involved measuring and defining the following characteristics for each discontinuity: type,
dip and dip direction, spacing, length, persistence, termination, aperture, surface roughness
(JRC—]Joint Roughness Coefficient), weathering, presence of water and intact rock and Joint
wall Compressive Strength (JCS). To obtain accurate measurements, standard geological
survey techniques were employed, including a geological compass to measure dip and dip
direction, and measuring tapes to determine joint spacing and length. Surface roughness
was estimated using Barton’s comb, an instrument that measures asperities and irregu-
larities along the discontinuity plane’s maximum gradient line and enables calculation of
JRC. Aperture of joints was measured using calipers. Weathering was assessed by visual
inspection, while moisture conditions and potential water flow along discontinuity planes
were assessed. Intact rock and joint wall compressive strength were estimated using a
Schmidt hammer, which assesses surface hardness as a proxy for strength.

3.2.3. Rock Mass Classification

For characterization of the rock mass, the following classification methods were
used: Bieniawski’s RMR (Rock Mass Rating) [20,43,44], Hoek’s GSI (Geological Strength
Index) [15,21,45], and Romana’s SMR (Slope Mass Rating) [22,23]. These methods were
essential for evaluating the quality and the stability of the rock mass in the study area.
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The slopes used for SMR are oriented approximately NE-SW and NW-SE (Figure 5) and
their dip direction and dip are 141°/86° and 54° /86°, respectively. These orientations were
selected because they are expected to be directly affected by future quarrying operations.

Figure 5. Green and red lines indicate the slopes considered for the SMR (A,B). Perspective view of
the northern sector of the quarry with evidence of anchors and reinforcement nets used to ensure
safety for the workers (B).

3.3. CSIRO HI Triaxial Cell Tests

Three measurements of the stress state of the rock were conducted on the NE-SW and
NW-SE walls of the quarry (Figure 5) at depths ranging from 1.09 to 7.89 m. The stress
measurements involved three overcoring tests using the CSIRO HI CELL technique [46—48],
performed in specifically created sub-horizontal boreholes in the quarry walls (Figure 6).
Table 2 summarizes the size, orientation and depth of each borehole.

Table 2. Size, orientation and depth of boreholes.

Borehole Diameter [mm]  Dip Direction [°] Dip [°] Depth [m]
A 164 324.6 44 2.65
B 164 270.2 2.0 7.89
C 165 233.9 1.7 1.09

During overcoring, two of the three boreholes crossed a joint that caused breakage of
the cores. Radial compression tests using a Hoek—Franklin pressure cell to determine the
elastic parameters of the material cannot generally be performed on irregularly shaped
rock cores. The classic interpretative procedure for stress release tests is based on analytical
formulations that assume a regularly shaped cylindrical sample [48,49]. However, in
highly fractured rock masses, such as the present, overcoring may intercept a discontinuity,
causing the extracted sample to break. A recent paper by De Lucia et al. [50] demonstrated
the possibility of overcoming the challenges posed by irregularly shaped cores so that tests
on fractured cores can be interpreted and the elastic parameters of the rock determined.
We therefore followed the procedure of [50].
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Figure 6. Map of the CSIRO HI cell test location (a); capital letters A, B and C indicate the orientation
and depth of boreholes as shown in Table 2. Scheme of the borehole geometric characteristics (b);
example of marble samples extracted from a borehole (c).

3.4. Distinct Element Numerical Modelling

The formulation and development of the Distinct Element Method were introduced
by Cundall in 1971 [25] for the mechanical analysis of rocks. In a distinct element model, it
is possible to simulate the mechanical response of a system composed of discrete blocks
or particles under static or dynamic loads [25]. According to this approach, blocks are
the fundamental unit of the model structure, while discontinuity surfaces are regarded as
boundary conditions. We used 3DEC version 7 software [28] to simulate the response of
the rock mass under static conditions. The procedure for constructing the model involved
several operational phases:

e  geometric modelling: creation of a 3D model composed of distinct elements;
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e definition of constitutive models and material properties for the rock matrix
and discontinuities;

e assignment of initial stresses and boundary conditions to the model;

e  solving process for stress analysis and rock mass behavior monitoring.

The first step in building the 3D numerical model was to upload the geometries of
the external morphology (Figure 7), created by integrating 3D dense point clouds from
drone-based photogrammetry and aerial scanning data from regional LiDAR surveys. With
a spatial resolution of 1 m, the latter includes multiple signal returns, allowing the data to
be filtered so as to extract only geometric information related to the topographic surface.
Thus, plants, trees and man-made structures unrelated to the terrain were excluded.

Figure 7. 3D dense point cloud of the topographic surface. The red line encloses the point cloud from
drone-based photogrammetry; the yellow line encloses the point cloud from aerial LIDAR.

Using Agisoft Metashape™ [51] v.2.0.2 and Rhinoceros™ [52] v.8 software, the 3D
dense point cloud was interpolated to create a digital model in mesh format. Figure 8 shows
the mesh representing the current state of excavation, reflecting the actual condition of
the site. Figure 9 illustrates the planned state of the Colubraia Formignacola quarry after
the underground excavations. In the latter, the underground tunnels were modelled
using Rhinoceros™ software with topographic data from the project state map, ensuring
consistency with the planned excavation characteristics outlined in [19]. Additionally, data
related to the discontinuity sets, obtained from traditional engineering—geological surveys
and the map of joints [19], were both incorporated in the 3D model to accurately simulate
the degree of fracturing.
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Figure 8. Non-rendered mesh of the current state of the quarry (snapshot from Rhinoceros™).

Figure 9. Non-rendered mesh of the quarry project (snapshot from Rhinoceros™).

The mesh of the model was carefully optimized, using a finer mesh in critical areas
such as tunnels and fractures, and a coarser mesh in less sensitive regions to balance
accuracy and computational efficiency.

Data related to the discontinuity sets, obtained by traditional engineering-geological
surveys and the joint map [19], properly georeferenced to ensure their exact locations using
real-world coordinates, was also incorporated in the 3D model. This inclusion of planes
representing the main discontinuities of the area further enhanced the geological accuracy
of the model. Note that since the main schistosity represents the texture of the marble
but does not amount to a weakness, it was not implemented as a discontinuity in the 3D
numerical modelling.

The final geometry of the model (“current state” from which the geometries were sub-
sequently excavated to obtain the “projected state”), imported into the 3DEC v.7 software
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for the purposes of DEM analysis, can be observed in Figure 10, which also shows the main
discontinuities mapped.

Figure 10. 3D model used for numerical analysis. Different colors represent discrete blocks separated
by discontinuities.

To represent the behavior of the entire rock mass during the simulation, it is necessary
to assign the appropriate physical and mechanical properties to the intact rock (“Marmo
Arabescato Arnetola”) and to the discontinuity surfaces. This was achieved by application
of suitable constitutive models. Firstly, the modelling procedure involved assigning a
constitutive model to the intact rock. Since it was decided to use the Mohr—-Coulomb
constitutive model [53] and deformable blocks, the following parameters were assigned to
the intact rock (see Table 1 for details): density (kg/m?), Young’s modulus (MPa), Poisson’s
ratio (-), cohesion (MPa) and friction angle (°).

The Coulomb sliding model [54] was used for the discontinuity surfaces. This applica-
tion involves defining the mechanical behavior of the discontinuities using the following
parameters: friction angle (°) and stiffness (Pa/m) with respect to normal and shear stress,
namely normal stiffness and shear stiffness, respectively. The friction angle of discontinu-
ities is reported in [19] while normal stiffness and shear stiffness resulted from processing
data from this study concerning Barton’s formula [55].

Finally, the boundary conditions were assigned to the model to approximate its
behavior to real conditions. In particular, a 3D zero velocity was applied to the lower,
lateral and back limits of the model to avoid unreal deformations and displacements. The
stress regime was calibrated using point stress values as measured in situ by the CSIRO HI
cell tests as described in [4].
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4. Results
4.1. Topographic and Cartographic Data

More than 500 photos acquired by drones were processed using Agisoft Metashape™
software to produce the dense 3D point cloud shown in Figure 11. Consisting of more than
9,700,000 points, the point cloud was subsequently used to build a DTM (Figure 11) with
a spatial resolution of 10 cm/pixel, and an orthophotomosaic with a Ground Sampling
Distance (GSD) of 3 cm. The products were georeferenced to the Monte Mario Italy 1
coordinate system, using 10 GCPs spatially well distributed in the area. The positioning
errors, expressed as Root Mean Square Error (RMSE), for these GCPs are provided in
Table 3, which also indicates the total number of GCPs used and their corresponding errors.

Figure 11. Products of the photogrammetric process: 3D dense point cloud (A); DTM (B); orthopho-
tomosaic (C).

Table 3. Summary of positioning errors (RMSE) relative to the GCPs.

No. Targets  Error X (cm)  Error Y (cm)  Error Z (cm) Error XY (cm) Total (cm)
10 1.98416 1.84062 2.11804 2.70643 3.43669

4.2. Rock Mass Classification

The geomechanical survey focused on the primary working fronts of the quarry
(Figure 5). The intensity of fracturing is evident from direct examination of these fronts.
The many anchors and reinforcement nets demonstrate the need for remediation work to
ensure worker safety.

Integration of data from the engineering-geological survey with existing project
data [18,19] facilitated a comprehensive characterization of the rock mass. This exten-
sive dataset enabled identification of the primary discontinuity systems in the study area.
Figure 12 illustrates the orientations of the discontinuities observed during the field survey,
plotted by the Schmidt equal-area method (lower hemisphere). Four distinct sets, including
joints and schistosity, can be identified. The average dips and dip directions of these
systems are summarized in Table 4.



Geosciences 2025, 15, 155

14 of 30

Figure 12. Stereogram of the discontinuities measured during the traditional engineering—geological
survey and the sets identified (Ky,...Kp); the stereonet includes the main schistosity (Sp). Data is
in terms of dip and dip direction, right-hand rule, using the Schmidt equal-area method (lower
hemisphere). Grey shades indicate different density concentrations.

Table 4. Average characteristics of the discontinuity sets identified.

Principal Schistosity (Sp) K1 K2 K3

Dip 37° 75° 70° 50°

Dip Direction 246° 152° 110° 47°
Spacing (m) 0.80 1.4 1.3 1.8
Length (m) >10 >10 >10 >10
Aperture (mm) - 2-5 10 10

Filling material Absent Debris Debris Debris

JCS (MPa) 70-80 80 80 80
JRC - 4-6 4-6 6-8
Weathering - SW SW SW

Humidity Dry Dry Dry Dry

Analysis of the discontinuity data allowed classification of the rock mass according
to the RMRbD index [21]. The index was quantified by summing the five partial indices of
uniaxial compressive strength (A1), rock quality designation (RQD) and Jv (volumetric
joint count) (A2), spacing of discontinuities (A3), condition of discontinuities (A4) and
groundwater conditions (A5). Table 5 shows the values of each parameter.

Table 5. Values of partial indices used to classify the rock mass in the RMRb system.

Al A2 A3 A4 A5
Sp 5.39 7.06 21
K1 4.74 16.78 14
K2 4.87 17.17 16.38 17 15
K3 4.74 19.00 15
Mean Value 4.93 17.17 14.80 16.75 15

The RMRDb index of the rock mass was 68.65, which, lying in the range 61 to 80
according to Bieniawski [20] indicates a rock mass of good quality (Class II).
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The RMRy, was then correlated with the GSI [45] using the following empirical formula:
GSI=RMR}, — 5=68.65 — 5 =63.65 (1)

Since, as recommended by [56], the GSI value should not be regarded as rigid, we
defined a range that comprehensively describes the state of the rock mass. The results
suggest that the GSI of the rock mass in the study area falls reasonably in the range 60-70,
indicating medium to low quality. To assess the relationship between slope orientation
and discontinuities, we applied the SMR classification method [22,23] to the NE-SW and
NW-SE slopes as shown in Figure 5. The analysis included planar sliding, toppling and
wedge failure phenomena. Since the minimum SMR value was estimated to be 10.30 for
both planar and wedge failures, the rock mass was classified in class V, which indicates
very poor quality with possible instability phenomena and need of slope reprofiling.

4.3. Results from CSIRO HI Cell Tests

Each of the three CSIRO tests provided a point measurement of the existing three-
dimensional stress state of the rock (Table 6).

Table 6. Summary of CSIRO HI cell test results (& indicates 68% confidence limits). E: Young’s
modulus; v: Poisson’s ratio; o1, 0, 03: maximum, intermediate and minimum principal stresses
(+ indicates compression); oy: vertical component of stress tensor (+ indicates compression).

Test Depth [m] E [MPa] v o1 [MPa] o, [MPa] o3 [MPa] oy [MPa]
A 2.65 79,803 4 2033 0.38 £0.04 5.48 £0.36 1.67 +£0.32 1.27 +0.47 2.25+0.26
B 7.89 79,803 0.38 4.9240.83 3.22+0.86 0.43 £0.45 4.4440.67
C 1.09 79,803 0.38 12.03 +0.52 3.16 = 0.60 2.59 4 0.60 5.57 +0.36

4.4. Results from Distinct Element Numerical Modelling

Applying the geomechanical characteristics of the rock, summarized in Table 7, and
those of the discontinuities shown in Table 8, the displacements, maximum principal
stresses (07), minimum principal stresses (03) and maximum shear stress (Tmax) Were
calculated based on the 3D numerical model of the Colubraia Formignacola quarry.

Table 7. Summary of the mechanical characteristics assigned to the intact rock for creation of the
numerical model.

Friction Angle ¢ (°)  Cohesion (MPa) Density (Kg/m?®) Young(;/[ll\)/la())dulus
37 5 2730 80,000 0.38

Table 8. Mechanical characteristics assigned to the discontinuities for creation of the numerical model
according to the Coulomb sliding criterion [54].

Friction Angle ¢ (°) E; (MPa) En (MPa) G; (MPa) G (MPa) L (m) K, (MPa/m) Ks (MPa/m)
30 80,000 21,134 28,985 8453 1 28,722 11,933

Elastic modulus (E;) and shear modulus (G;j) of the intact rock, elastic modulus (Ep,)
and shear modulus (Gp,) of the rock mass, as well as joint spacing (L), were used to
calculate normal stiffness (K,) and shear stiffness (Ks) of the discontinuities according
to [55] (Table 8).

Figure 13 shows the results of the current-state cultivation model in terms of displace-
ments (Figure 13A) and maximum shear stress Tmax (Figure 13B). Of the various parameters
analyzed, it was decided to show Tmax because it is directly correlated with deviatoric stress
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(o1 —03), which in relation to the threshold values (see Discussion), allows an approximate
estimation of rock mass strength.

Figure 13. Detail of quarry walls showing the distribution of displacement values in meters (A) and
maximum shear stress Tmax in Pascal (B) in the current excavation state.

For a better analysis of the results and a focus on the areas that will be influenced by
the project, three sections, traced in Figure 14 and labelled AA’, BB’ and CC’, were created.
They precisely intersect the positions of the overcoring tests.

Figures 15-17 show the values of displacement and maximum shear stress Tmax for
sections AA’, BB’ and CC’, respectively. To summarize the results, only images related to
maximum shear stress are shown, while information on o7 and o3 is provided at the end of
the section.
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Figure 14. Plan of the 3D model with sections AA’, BB’, and CC’ indicated in red.

Figure 15. Displacement magnitude in meters (A) and maximum shear stress Tmax in Pascal (B) of
section AA’ of the Colubraia Formignacola quarry in its current state of excavation.
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Figure 16. Displacement magnitude in meters (A) and maximum shear stress Tmax in Pascal (B) of
Section BB’ of the Colubraia Formignacola quarry in its current state of excavation.
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Figure 17. Displacement magnitude in meters (A) and maximum shear stress Tmax in Pascal (B) of
section CC’ of the Colubraia Formignacola quarry in its current state of excavation.
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Once the relevant information for estimating the stresses acting in the current state of
excavation had been determined by the 3D numerical model, using data on the geometry
of the planned underground extraction site (Figure 18) from project topography, it was
possible to simulate evolution of stresses after completion of the underground work.

Figure 18. Three-dimensional model of the future underground site according to the project.

Figure 19A shows displacement magnitude and Figure 19B the maximum shear stress
Tmax resulting from the project. Figures 20-22 show the displacements and maximum shear
stresses Tmax in sections AA’, BB” and CC’, respectively.

Considering the model representing the current state of the quarry, the maximum
principal stress o7 in the excavation area ranges from approximately —0.7 to 40 MPa. The
minimum principal stress 03 ranges from about —5 to 13 MPa. The maximum shear stress
Tmax 15 16 MPa. Not dissimilar information can be extracted from the model representing
the projected state. In the immediate surroundings of the future underground tunnels, the
maximum principal stress o1 ranges from —6 to 47 MPa, the minimum principal stress
o3 ranges from —10 to 15 MPa, while maximum shear stress Tmax is 15 MPa. Similarly, the
maximum observed displacements are 4 mm in the current state and approximately 5 mm
in the projected state.
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Figure 19. Detail of the quarry faces showing the distribution of displacement values in meters (A)
and maximum shear stress Tmax in Pascal (B) resulting from the project.
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Figure 20. Section AA’ shows block displacement magnitudes in meters (A) and maximum shear
stress Tmax in Pascal (B) resulting from the project.
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Figure 21. Section BB’ shows block displacement magnitudes in meters (A) and maximum shear
stress Tmax in Pascal (B) resulting from the project.
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Figure 22. Section CC’ shows block displacement magnitude in meters (A) and maximum shear
stress Tmax in Pascal (B) resulting from the project.

5. Discussion

Geological study of the Colubraia Formignacola quarry highlights a complex
geological-structural framework due to numerous discontinuities with highly variable
characteristics and orientations. This condition made the in situ geomechanical survey,
integrated with existing data from previous surveys [18,19], a fundamental tool for inter-
preting and modelling the behavior of the rock mass. The measured data identified four
main discontinuity systems: Sy, (dip direction 246°/dip 37°), K1 (152°/75°), K2 (110° /70°)
and K3 (47°/50°).

Using the results of the geomechanical survey, rock mass quality was classified by
the methods of Bieniawski [20], Hoek & Brown [45] and Romana [22,23]. Although the
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RMRy, method and the GSI indicate good to fair rock mass quality, further classification
with Romana’s SMR method showed that critical conditions may also be present in relation
to the orientation of slopes. The K2 and K3 discontinuity sets, which have a SMR of 10.30,
are prone to instability with large planar failures and/or to roto-translational collapses and
need consolidation and reinforcement as already implemented on the quarry walls.

Integration of the discontinuity data with 3D point clouds from drone-based pho-
togrammetry and regional aerial surveys was crucial for building a three-dimensional
numerical model of the quarry. This approach, inspired by previous studies using DEM
for stability analysis in similar Apuan Alps contexts [57-59], has highlighted that the
non-elastic behavior of intact rock may be limited and have little influence on the results.
Discontinuities play a more important role with significant variations in stress states along
the quarry fronts, both in current and future excavation states.

In the current extraction areas, maximum compressive stress values are up to 40 MPa,
which is significantly below the rock’s compressive strength of 126 MPa (Table 1). Similarly,
in the projected excavation state, maximum compressive stress reaches 50 MPa. Tensile
stresses in the current excavation zones are minimal, around —5 MPa. Specific sections,
such as AA’, show localized o7 stress values up to approximately —2.5 MPa, while in section
CC’ oy values of —5 MPa occur. Although these values are below the rock’s tensile strength
limit (—8 MPa, Table 1), discontinuities intersecting excavation surfaces may locally exceed
this threshold.

In the projected excavation state, compressive and tensile stress magnitudes are gener-
ally below the rock’s strength: in certain confined areas of section BB’, 03 values around
—5 MPa were detected, particularly in the “pillar” area between the two future tunnels.
Section CC’ shows o7 values around —2 MPa and o3 values around —5 MPa. Only a few
places in the excavation walls of section AA’ show tensile stress levels related to o7 around
—5 MPa, while o3 reaches approximately —10 MPa.

Shear stress Tmax reaches a maximum of 16 MPa in the current state and approximately
15 MPa in the projected state. Both values are below the rock’s shear strength limit of
20 MPa (Table 1).

With reference to Mohr’s circle [60], a direct relationship exists between deviatoric
stress (01 —03) and maximum shear stress Tmax: the latter corresponds to the circle radius,
then to the semi-difference between the principal stresses o1 and o3, i.e.:

01 — 0
Tmax = 12 3 )

According to Mohr’s circle principles, given the maximum shear stress Tmax, the
deviatoric stress (tq) acting on the quarry can be calculated with the following formula:

T = 2 Tyax (3)

Since Tmax is equal to 16 MPa in the current excavation state, the deviatoric stress
T4 can be computed as 2-16 = 32 MPa. Similarly, with Tmax equal to 15 MPa in the projected
excavation state, the deviatoric stress 14 is equal to 2:15 = 30 MPa. To critically evaluate
the sustainability of the deviatoric stress values obtained during numerical modelling, we
therefore used the Hoek & Brown failure criterion [61] according to the following equation:

01:U3+\/(mb-ac-a3+s~acz) (4)

where

° 0. denotes the uniaxial compressive strength of the rock,
e my and s are empirical constants.
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Referring to [62], a fractured rock mass undergoes new fractures when the deviatoric
stress 01 — 03 exceeds the Hoek & Brown criterion [61] starting from values of m, = 0 and
s = 0.11. In this case, the failure criterion becomes

01 —o03 =033 0, (5)

It can therefore be stated that in the case of the Colubraia Formignacola quarry, where
the uniaxial compressive strength of Arabescato Marble is 126 MPa, the rock may exhibit
critical conditions in areas where the deviatoric stress exceeds the threshold of

0, — 03 > 0.33 - 126 MPa = 41.58 MPa (6)

The deviatoric stress near the excavation fronts in the current and projected excavation
states is below the critical value calculated by [61] (T4 = 32 and 30 MPa, respectively).

For a more conservative approach, the results can also be evaluated with respect to the
deviatoric stress limit proposed for Carrara Marble by [42], which is formulated as follows:

01 — 03 > 0.2 - 126 MPa = 25.2 MPa 7)

In this case, the deviatoric stress values obtained by our modelling for current and
projected states exceed the calculated threshold. However, the calculated maximum stress
values refer primarily to corner zones where localized stress concentration is evident.
Furthermore, these stress values are expected to decrease after installation of stabilization
measures, already present in significant numbers in the highest areas of the NE-SW and
NW-SE quarry fronts. Note that since the area around the pillar between the two future
tunnels shows higher deviatoric stress values, it will require particular attention. Further
3D numerical modelling, which incorporates the stabilization measures, is in progress.

Finally, an important comment is warranted on the CSIRO tests: although carried out
at non-significant depths due to the high joint intensity of the rock mass, they allowed
calibration of the 3D model according to the procedure described in [4] and therefore
assessment of the current and projected quarry stress states. The results are useful for the
safe continuation of extraction activities since they directly and precisely address potentially
critical areas.

6. Conclusions

The geological and geomechanical analysis of the Colubraia Formignacola quarry
unveiled several critical insights into rock mass stability. By integration of in situ geome-
chanical surveys with pre-existing data, significant variations in stress states and rock mass
quality were identified, particularly due to the complex system of discontinuities.

A key strength of this study was the integration of 3D point clouds and LiDAR data,
which were essential for developing a highly accurate numerical model using the Distinct
Element Method. This model, calibrated with in situ stress measurements, allows stress
analysis at any point in the rock mass, significantly enhancing the accuracy and reliability of
slope stability assessment. The results demonstrate that while the maximum compressive
stresses are below the rock’s failure threshold, localized tensile and shear stresses can
approach critical levels.

Although the overall deviatoric stress T4 is within the acceptable limits defined
by [61,62], it exceeds the more conservative threshold proposed by [42] for Carrara Marble,
particularly near the pillar that will remain after the planned underground excavation. This
suggests that although general stability is maintained, localized stress concentrations could
pose risks that must be considered.
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The high-resolution model developed in this study offers an invaluable tool for en-
suring worker safety, as it enables real-time monitoring and precise prediction of stress
conditions across the quarry. The ability to assess the stress distribution of the rock mass
everywhere provides a proactive means for managing risk during excavation.

The methods and techniques employed can be extended beyond the specific context
of the Apuan Alps, for example to other quarries or underground projects in regions
with similar geological conditions. The integration of in situ surveys, laboratory tests
and numerical modelling allows results generalized to similar contexts, both natural and
artificial, where understanding the behavior of the rock mass and discontinuities is crucial.
These approaches, based on established geomechanical principles, provide valuable insights
for improving practice and decision-making in the design and management of extraction
sites and underground infrastructure.

The results of this study suggest that additional stabilization measures are needed
to effectively manage localized stress concentrations. It is therefore essential to continue
implementing advanced stabilization techniques and to enhance geotechnical and topo-
graphic monitoring systems. Adopting these measures will be crucial for ensuring worker
safety and long-term stability as excavation progresses.

In future, the proposed model could be used to optimize the design of tunnels and
galleries, improve long-term management of discontinuities and stresses, and predict
rock mass behavior under extreme stress scenarios or seismic events. Additionally, the
method developed could be applied to the design of support and stabilization systems for
excavation procedures, contributing to the safety and sustainability of underground work.
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