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Abstract

Accurately reproducing the mechanical and dynamic behavior of fractured rock masses re-
mains a key challenge in rock engineering, especially in marble quarry environments where
discontinuity networks, excavation geometry, and topographic effects induce highly non-
linear stress distributions. This study presents a multidisciplinary and physically calibrated
numerical approach integrating field stress measurements, structural characterization, and
dynamic modeling using the Distinct Element Method (DEM). The analysis focuses on
a marble quarry located in the Apuan Alps (Italy), a tectonically complex metamorphic
massif characterized by intense deformation and pervasive jointing that strongly influence
rock mass behavior under both static and seismic loading. The initial stress field was
calibrated using in situ measurements obtained by the CSIRO Hollow Inclusion technique,
enabling reconstruction of the three-dimensional principal stress regime and its direct
incorporation into a 3DEC numerical model. The calibrated model was then employed
to simulate the dynamic response of the rock mass under seismic loading consistent with
the Italian Building Code (NTC 2018). This coupled static-dynamic workflow provides
a realistic evaluation of ground motion amplification, stress concentration, and potential
failure mechanisms along pre-existing discontinuities. Results demonstrate that physically
validated stress initialization yields a significantly more realistic response than models
based on simplified lithostatic or empirical assumptions. The approach highlights the value
of integrating geological, geotechnical, and seismological data into a unified modeling
framework for a sustainable quarry stability analysis in fractured rock masses.

Keywords: Distinct Element Method (DEM); 3DEC numerical simulation; in situ stress
calibration; seismic response; quarry stability assessment

1. Introduction

Fractured rock masses represent some of the most complex and heterogeneous systems
in geotechnical and mining engineering [1]. Their mechanical behavior—especially under
dynamic or excavation-induced loading—emerges from the intricate interaction between
intact rock, discontinuities, and the in situ stress field [2,3]. Understanding and predicting
these coupled processes is fundamental for ensuring the long-term stability and safety of
large underground and open-pit excavations such as tunnels, quarries, and mines [4,5].

Over the past few decades, significant advances in the numerical modeling of fractured
rock systems have been achieved using Distinct Element Methods (DEM), that explicitly
represent discontinuities and the resulting block interactions [6,7]. DEM-based software
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such as Itasca 3DEC [8] has proven particularly effective in simulating stress and displace-
ment distributions, block detachment, and dynamic wave propagation within jointed rock
masses [9,10]. However, despite these capabilities, a fundamental limitation persists: the
initial stress state is often assumed rather than directly measured, introducing substantial
uncertainty into model predictions [11].

The knowledge of the in situ stress field is crucial to the reliability of both static and
dynamic simulations [12,13]. Simplified assumptions—such as lithostatic gradients or
uniform horizontal-to-vertical stress ratios—may be convenient, yet they fail to capture
the spatial variability of stresses induced by geological structures, excavation geometry,
and topography [14,15]. This limitation becomes particularly critical in marble quarries,
where anisotropic mechanical behavior, strong structural control, and irregular excavation
geometries generate complex stress distributions even prior to any dynamic loading [16,17].

To overcome these limitations, contemporary research increasingly emphasizes the
integration of direct field measurements into numerical modeling workflows. Among
available techniques, the Commonwealth Scientific and Industrial Research Organization -
Hollow Inclusion (CSIRO HI) method stands out for its ability to provide three-dimensional
in situ stress tensors [18—-20] with minimal disturbance to the rock mass. When coupled
with DEM-based analyses, these data enable the reconstruction of the actual stress regime,
offering a physically calibrated foundation for numerical modeling. This integration
marks a shift from theoretical modeling toward physically validated simulations, in which
both geometry and stress conditions are grounded in field evidence rather than idealized
assumptions [21,22].

Within this methodological framework, the Carrara marble district in the Apuan Alps
(Tuscany, Italy) provides an exceptional natural laboratory. It is one of the world’s most
intensively exploited dimension-stone regions, where extraction activities are increasingly
shifting underground due to environmental and landscape constraints. This transition has
renewed the need for robust geomechanical modeling, as underground excavation demands
a precise understanding of the stress regime and its role in controlling excavation stability.
Safety concerns are particularly relevant in such environments, where stress redistribution
in fractured carbonate rocks can induce localized failures in chambers, pillars, and quarry
fronts [23,24].

Traditional stability assessments in Carrara have mainly relied on empirical rock
mechanics testing and structural mapping [25,26]. Although valuable, these approaches
have limitations when applied to highly discontinuous and anisotropic rock masses, where
stress interactions depend strongly on excavation geometry. Recent research has thus
demonstrated the benefits of integrating advanced remote sensing techniques—such as
terrestrial laser scanning (TLS), UAV (Unmanned Aerial Vehicle) photogrammetry, and
airborne LiDAR (Light Detection and Ranging)—with numerical simulations to produce
accurate three-dimensional reconstructions of quarry geometry. When combined with in
situ stress measurements, this approach allows for the physical calibration of numerical
models, improving both accuracy and predictive reliability [27,28].

Building upon these advances, the present study aims at applying a multidisciplinary
and physically validated numerical workflow to the Ravalunga quarry, located within the
Colonnata basin of Carrara. The methodology combines CSIRO HI overcoring tests, in situ
compression tests, high-resolution remote sensing (TLS, UAV photogrammetry, LIDAR),
and three-dimensional DEM modeling using 3DEC v7. This integrated dataset may allow
the construction of a fully calibrated digital model of the quarry, capable of simulating both
static and dynamic conditions under realistic stress fields.

Beyond the specific case study, this research underscores the broader methodological
importance of unifying geological, geotechnical, and seismological data in a consistent
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modeling framework. By coupling field-calibrated stress data with dynamic DEM simula-
tions, the study advances a physically based approach to the analysis of seismic response
and excavation stability in fractured rock masses. Such a framework not only enhances the
reliability of numerical predictions but also contributes to sustainable resource extraction
and hazard mitigation in complex geological settings worldwide.

2. Study Area

The Ravalunga quarry is located within the Colonnata extraction basin, in the central
sector of the Carrara marble district (Figure 1). The site lies on the right hydrographic side
of the Fossa al Canalone stream, below the ridge connecting Monte Maggiore (1390 m a.s.L.),
Cima Canal Grande (1274 m a.s.l.), and Monte Serrone (1063 m a.s.l.). This topographic
framework is representative of the steep alpine morphology typical of the northern Apuan
chain, where deep valleys and high ridges exert strong control on local stress orientations
and slope stability [29,30].

Figure 1. Apuan Alps marble district. The yellow pin indicates the location of the quarry n.138 Ravalunga.

Historically, Ravalunga was exploited primarily as an open-pit quarry, later evolving
toward underground extraction. The open-pit quarry develops across two main working
yards (Figure 2): a southern lower yard at approximately 1016.5 m a.s.l. and a northern
upper yard around 1078 m a.s.l. [29]. These two sectors are separated by the natural
gully known as the Fossa di Ravalunga, a right-bank tributary of the Fossa al Canalone
stream, which marks the central morphological boundary of the site and has influenced the
geometry of quarry development. The southwestern quarry front exposes residual marble
walls reaching a maximum height of about 120 m, locally characterized by discontinuous
and partially weathered structural surfaces.

The access road, ascending from the valley across the main quarry debris, and the ser-
vice platform at ~1020 m a.s.l., used for temporary storage of blocks and waste material, are
both structurally stable and functional for current operations. The underground excavation
lies southeast of the open-pit fronts, along the extension of the access road. Access to the
underground tunnel is via an entrance tunnel located at 980 m a.s.1 (Figure 2).

From a geological perspective, the quarry is located within the metamorphic core
of the Apuan Alps (Figure 3), where the Carrara Marble Formation—a thick succession
of coarse-grained calcite marbles belonging to the Apuan Unit—is affected by a dense
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network of NW-SE and NE-SW trending discontinuities, i.e., joints, faults, and stylolitic
bands [31]. The rock mass is typically anisotropic, with mechanical properties strongly
influenced by both the spacing and persistence of discontinuities.

Figure 2. Plan view of the Ravalunga quarry area (modified from [29]). The yellow area indicates the
underground tunnel.

Figure 3. Geological map of the study area; the red square shows the location of the quarry. Abbrevi-
ations: cs = cherty metalimestone; m = marble; md = dolomitic marble; gr = dolomite (“grezzoni”);
rv = quarry debris (“ravaneto”).



Appl. Sci. 2025, 15, 13100

50f22

3. Materials and Methods
3.1. Topographic Survey and 3D Model Generation

A detailed topographic survey of the Ravalunga quarry was conducted with the aim
of obtaining a 3D representation of the site geometry. Initial topographic data for the
study area was provided by the quarry property, and it was integrated with new surveys
conducted by the authors, particularly in the underground sector, to acquire updated
morphological features of the site. For the open-pit portion of the quarry, data was acquired
using UAV photogrammetry, while the underground excavation was surveyed by TLS.
These complementary datasets were merged to generate a dense 3D point cloud (over
14 million points) that provides a detailed and accurate reconstruction of the entire quarry
geometry (Figure 4). All spatial data were georeferenced in the Italian national Gauss-Boaga
coordinate system (Western Zone) to ensure a consistent reference frame for subsequent
analyses thanks to a Global Navigation Satellite System (GNSS) survey.

Figure 4. Three-dimensional point cloud of the open-pit quarry area and underground tunnel
(highlighted by the red circle).

3.2. Geomechanical Characterization

Geomechanical characterization of marbles involves determining both the intact rock
properties and the discontinuity pattern of the rock mass. The parameters of the intact rock
were collected from several sources, including a technical report by the quarry property [29],
the Catalogue of Commercial Varieties of Apuan Marbles [32], and relevant published
studies [33,34]. In addition, during this study in situ biaxial compression tests were
performed to directly measure the marble’s elastic constants. These tests yielded site-
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specific values for Young’s modulus and Poisson’s ratio, which are included among the
intact rock properties summarized in Table 1.

Table 1. Intact rock geomechanical parameters.

Parameter Value
Uniaxial Compressive Strength (MPa) 100
Tensile Strength (MPa) 8+3
Cohesion (MPa) 20
Friction Angle (°) 50
Density (Kg/m?) 2700
Poisson’s coefficient (-) 0.35
Young’s Modulus (MPa) 84,000

In parallel, the structural discontinuities within the rock mass were surveyed to
characterize the fracture network. Relevant data on rock fractures were obtained from
geological-structural surveys, aimed at evaluating the fracture density and characteristics
in the quarry area. The surveys were conducted at key locations, including the area near
the underground entrance, and along the base of the southwestern quarry faces (Figure 5).
In total, about 300 discontinuity measurements were collected.

Figure 5. Extract from the map of discontinuities (modified from [29]). The yellow area indicates the
underground tunnel.
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3.3. CSIRO HI Cell Overcoring Tests

To evaluate the in situ stress state of the rock mass, a series of stress measurements
were performed on the walls of the underground quarry. Four overcoring tests using the
CSIRO HI cell method were carried out. These tests were conducted at different depths
in two sub-horizontal boreholes that had been specifically drilled into the walls of the
underground excavation (Figures 6 and 7). The overcoring measurements were done at
depths ranging from 5.09 m to 10.34 m from the tunnel walls. Each of the four CSIRO HI
tests provided a full three-dimensional stress tensor for the rock at the test location. Dip
directions, dips, diameters, and depths of the boreholes and test points are summarized in
Table 2.

Figure 6. Stages of a sub-horizontal borehole drilling.

Figure 7. Orthophoto of the quarry area with the overlay of the underground tunnels (in yellow) and
location of the executed CSIRO HI tests.
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Table 2. Size, orientation, and depth characteristics of the boreholes.

Borehole Bore Diameter (mm)  Dip Direction (°) Dip (°) Depth of the CSIRO HI Test (m)
Al 5.65
A 164 26 5 A2 10.65
Bl 5.40
B 164 296 5 B2 1034

In addition to the overcoring measurements, complementary tests were performed to
determine the rock’s elastic behavior under load. Radial compression tests on core samples
extracted from the site were conducted using a Hooke biaxial cell (Figure 8), providing
independent measurements of the marble’s elastic parameters (Young’s modulus E, and
Poisson’s ratio v).

Figure 8. Stages of biaxial compression testing using the Hooke biaxial cell at the Ravalunga quarry.

3.4. Distinct Element Numerical Modelling

The numerical analyses were performed using 3DEC v7 [8], a Distinct Element Method
code that allows for the representation of fractured rock masses as deformable blocks sep-
arated by discontinuities [35]. The geometry of the Ravalunga quarry was built starting
from high-resolution geomatic data: the external morphology (Figure 9) was reconstructed
by combining data from a UAV photogrammetric survey with a regional 3D point cloud
obtained from airborne LiDAR at 1 m of resolution. Figure 10 shows a detailed represen-
tation of the 3D model of the external surface built in mesh format by means of Agisoft
Metashape™ v. 2.0.2 and Rhinoceros™ v. 8 software. Similarly, the underground tunnels
were modelled as an internal cavity based on data from TLS (Figure 10). The extension
of the numerical domain is approximately 850 x 600 x 550 m, and it is discretized into
~15,000 mesh faces.
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Figure 9. Three-dimensional point cloud of the external topographic surface. Gray points represent
the drone-based photogrammetric survey, while colored points derive from airborne LiDAR data.

Figure 10. Mesh of the topographic surface used to build the quarry model. On the left the entire
quarry model, on the right the underground tunnel in top and lateral west view.

The intact rock was represented by deformable blocks of elastic—perfectly plastic
Mohr-Coulomb behavior [36]. Given that Carrara marble exhibits an almost purely elastic
response up to peak strength [23], this constitutive model is suitable for representing
the material behaviour under the pre-failure stress conditions considered in this study.
Density, Young’s modulus, Poisson’s ratio, cohesion, and friction angle from laboratory
and in situ tests were assigned to the material. The main joint sets were introduced as
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planar discontinuities with their measured orientation, spacing and persistence and their
mechanical behaviour was reproduced with a Coulomb slip law [37]; their mechanical
properties were defined by the following parameters: cohesion (MPa), friction angle (°),
and stiffness (Pa/m) in terms of normal (Kn) and shear (Ks) stiffness. These lasts were
computed according to the Coulomb slip criterion [37].

Static boundary conditions included a fixed lower surface and lateral restraints, imple-
mented by imposing zero velocity at the base and along the model sides. The topographic
surface remained free and unconstrained.

After applying gravity, the model was initialized with the in situ stress field derived
from CSIRO HI overcoring measurements. For each borehole, the principal stresses (i.e., o1,
0y, 03), their orientations and magnitudes, together with the corresponding depth and
spatial coordinates, were imported into the numerical model. The stress values were then
assigned in 3DEC at the measured locations, incorporating lithostatic stress increase with
depth to obtain a realistic stress gradient within the rock mass. This ensured that the
numerical response was consistent with the real stress state of the rock mass as recorded at
the precise locations.

Figure 11 shows the created three-dimensional model that was employed for nu-
merical analysis, while Figure 12 represents a detail of the northeastern side of the
underground entrance.

Figure 11. Three-dimensional model employed for numerical analysis in 3DEC v.7.

Afterwards, a dynamic analysis was performed using an explicit time-integration
scheme, with quiet/absorbing lateral boundaries to minimize artificial wave reflections,
while the seismic time-history was applied as a velocity input at the model base [38].
According to NTC 2018 [39] the adopted seismic loading corresponds to the Life Limit State
of the Ravalunga site (namely Carrara) with Return Period (Tr) of 475 years. The input
motion was defined as an horizontal base velocity time-history derived from the NTC
2018 response spectrum (ESSE1 parameters) for the site, with the following characteristics:
reference peak ground acceleration ag equal to 0.168 g, spectral amplification factor Fy
equal to 2.398, and corner period Tc equal to 0.286 s (dominant frequency ~ 3.5 Hz, used for
Rayleigh damping calibration). The seismic signal was generated using the GeoStru online
platform [40] from an NTC-based synthetic base accelerogram, with ag equal to 0.20 g,
and subsequently scaled by a factor of 0.840 to match the site-specific hazard level. The
resulting velocity-time history (.tab format) was imported into 3DEC as the X-base input
motion. A light Rayleigh mechanical damping was introduced to reduce high-frequency
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numerical noise while preserving the physically meaningful response [8,41]. The mass-
proportional damping constant « was set equal to 0.05, while the stiffness-proportional
damping constant {3 to 3.5. These constants were obtained using GeoStru seismic tool [40],
which calculates the optimal damping values starting from the NTC 2018 design spectrum
and its predominant frequency. The resulting parameters were then assigned in 3DEC to
ensure consistency between the reference seismic input and the dynamic numerical model.
The model response was evaluated by analyzing the stress and deformation fields within
both the underground tunnels and the external quarry faces.

(a) (b)

Figure 12. Northeast perspective view of the underground tunnel entrance, as modelled in
3DEC v.7 (a) and photographed from the access road to the quarry (b).

4. Results
4.1. Engineering-Geological Survey

A statistical analysis of the discontinuities measured during engineering-geological
survey allowed us to identify six principal joint sets, labeled K1, K2.1, K2.2, K3, K4, and K5.
The average orientation and other physical characteristics of discontinuity sets (frequency,
persistence and spacing) are summarized in Table 3.

Table 3. Discontinuity sets mapped at Ravalunga quarry.

Set Dip Direction Dip Frequency % Persistence (m) Spacing (m)
K1 030 89 33 >20 0.6
K21 128 71 25 3-20 0.8
K22 296 72 7 1-10 1.2

K3 257 88 19 3-20 1.2

K4 165 87 10 1-3 1

K5 255 46 3.5 >20 1.2

4.2. CSIRO HI Stress Measurements

Four CSIRO HI overcoring tests (A1-A2 and B1-B2) were completed within the
underground excavation at depths variable between ~5 and ~10 m beyond the wall surface.
Overcoring and biaxial compression tests were permitted to derive the full 3D stress tensor
together with elastic parameters of the marble at the test location. A concise summary of
the computed data is provided in Table 4.
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Table 4. Results from CSIRO HI tests (£ indicates 68% confidence limits). Abbreviations: E—
Young’s modulus, v—Poisson’s ratio; 0y, 03, 0c3—maximum, intermediate, and minimum princi-
pal stresses (+ sign indicates compression); oy—vertical component of the stress tensor (+ sign
indicates compression).

Borehole Depth (m) E [MPa] v I[-] o1 [MPa] o0, [MPa] o3 [MPa] oy [MPa]
Al 5.65 82,797 + 1036 0.36 £ 0.02 13.35 + 0.48 3.74 £0.36 2.76 £+ 0.65 10.74 £ 0.39
A A2 10.65 81,742 + 1690 0.35 £ 0.03 7.90 £ 0.23 3.88 £0.15 2.57 +£0.28 6.79 £0.14
Bl 5.40 87,572 + 1654 0.33 + 0.02 9.26 + 0.28 2.20 + 0.38 0.04 £0.21 8.15 +0.22
B B2 10.34 84,749 + 1785 0.32 £ 0.03 5.03 £ 0.31 2.38 £ 0.47 0.22 £+ 0.30 4.55 + 0.39

4.3. DEM Modelling

Under static conditions, the three-dimensional numerical model of the Ravalunga
quarry was first brought to static equilibrium under gravity using an initial stress field
calibrated from CSIRO HI measurements and mechanical properties for intact rock (Table 5)
and joints (Table 6). The analysis focused on the distribution of displacements and maxi-
mum shear stresses (Tmax), as these parameters represent the main markers of deformation
and potential shear activation within a fractured marble rock-mass.

Table 5. Summary of the mechanical parameters assigned to the intact rock used in the construction
of the numerical model. Abbreviations: Ei—Young’s modulus of intact rock, v—Poisson’s ratio;
Gi—Shear modulus of intact rock.

Friction Angle (°)

Cohesion [MPa] Density [kg/m?] Ei [MPa] v I[-] Gi [MPa]

50

20 2700 84,000 0.35 31,111

Table 6. Mechanical parameters of the rock mass and discontinuities adopted in the numerical model.
Abbreviations: Em—Young’s modulus of the rock mass; Gm—Shear modulus of the rock mass;
L—verage joint spacing; Kn—joint normal stiffness; Ks—joint shear stiffness.

Friction Angle (°)

Em [MPa] Gm [MPa] L [m] Kn [MPa/m] Ks [MPa/m]

35

58,023 21,490 1 187,624 69,491

Results are presented both at the scale of the entire quarry and, more in detail, for the
underground tunnels. To focus interpretation on the working area, a horizontal section,
named AA’ in Figure 13 and passing through the drill point of borehole A, was extracted.

Figure 13. Lateral westward view of the 3D model with the horizontal section AA’ represented in red.
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The computed displacement field shows generally low magnitudes throughout the
quarry domain with highest values reaching at most 4-7 mm (Figure 14). Within the under-
ground excavation (Figure 15), the deformation field remains uniform, with displacements
ranging between 3 and 6 mm, indicating negligible differential movement and limited
kinematic response.

Figure 14. Distribution of displacements in the static simulation.

Figure 15. Horizontal section (AA’) of the underground excavation, showing the distribution of
displacement values in the static simulation.

The distribution of maximum shear stress (Tmax) in the whole quarry area rarely
exceeds 7 MPa (Figure 16), while inside the tunnel it varies between 2 and 10 MPa. The
highest values, typically between 7 and 10 MPa, are concentrated at pillar corners, roof-wall
junctions, and around the portal (Figure 17).
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Figure 16. Distribution of maximum shear stress values (Tmax) in the static simulation.

Figure 17. Horizontal section (AA’) of the underground excavation, showing the distribution of
maximum shear stress values (Tmax) in the static simulation.

Dynamic simulations were lately performed by applying a base-input horizontal
motion consistent with the NTC 2018 [39] design spectrum, obtained from the GeoStru
national database [40] and converted into a velocity-time history file to be used in 3DEC.

The displacement field under dynamic conditions displays a pattern broadly simi-
lar to that observed in the static case with values ranging from 3 to 5 mm both for the
external quarry slopes (Figure 18) and the underground domain (Figure 19). Some excep-
tions, with highest displacement gradients up to decimeters, are present at the open-pit
excavation walls of the inactive quarry where free surfaces intersect unfavorably oriented
discontinuities, producing potential sliding interfaces for small surface blocks (Figure 20).
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Figure 18. Distribution of displacement values in the dynamic simulation.

Figure 19. Horizontal section (AA’) of the underground excavation, showing the distribution of
displacement values in the dynamic simulation.

Figure 20. Potential sliding interfaces for small surface blocks and relative displacement vectors.
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The evolution of maximum shear stress (Tmax) during seismic excitation generally
mirrors the static distribution with peak values within the same range between 6-10 MPa
(Figure 21). However, localized dynamic amplifications are recorded both along the walls
of the inactive open-pit quarry and at geometric intersection of discontinuities within the
underground excavation (Figure 22). In particular, peaks of Tmax exceeding 20 MPa occur at
sharp excavation corners (e.g., pillar edges, roof-wall junctions) and where fracture planes
intersect free surfaces.

Figure 21. Distribution of maximum shear stress values (Tmax) in the dynamic simulation.

Figure 22. Horizontal section (AA’) of the underground excavation, showing the distribution of
maximum shear stress values (Tmax) in the dynamic simulation.

5. Discussion

The physically calibrated DEM model—built on high-resolution survey geometry
and initialized with in situ stress tensors from CSIRO HI testing—enabled a reliable inter-
pretation of both static and dynamic stability conditions at the Ravalunga marble quarry.
The behavior of the rock mass, as resulting from the simulations, is characterized by high
stiffness and strong confinement, consistent with what is typically observed in massive
carbonate formations [42].
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In fact, under static conditions, the numerical modeling shows peak values of shear
stresses of approximately 10 MPa and displacements of 4-7 mm. These modest values are
consistent with a high elastic modulus material.

Highest values of stress are mainly concentrated at sharp geometric features, such as
pillar corners and wall-roof intersections. This reflects well-known mechanisms of stress
redistribution in fractured rock masses where excavation geometry plays a dominant struc-
tural role [42]. Despite these localized stress raisers, no significant yielding or progressive
damage develop either within the underground chambers or along the external quarry
faces, indicating an overall stable static configuration.

To assess if the maximum shear stress values obtained from the modelling are below
the critical thresholds for the stability of the rock mass, the recorded values of maximum o4
and minimum o3 stress were used. According to Mohr’s relation [43] the maximum shear
stress Tmax corresponds to the semi-difference between the principal stresses o1 and o3, i.e.:

Tmax = (01 — 03)/2 (1)

The difference between 01 — 03 is named “deviatoric stress” (t4) and it can be calcu-
lated with the following formula:
T4 = 2Tmax (2)

In this case study, the maximum shear stress Tmax at the current excavation stage is
about 10 MPa; hence, the deviatoric stress (07 — 03) is equal to 20 MPa.

To critically evaluate the sustainability of the deviatoric stress values obtained during
numerical modelling, the generalized Hoek and Brown criterion [4] can be used according
to the following equation:

0
01 = 03+ o (mp > +5)° ©
C1

where o0 denotes the intact rock uniaxial compressive strength (100 MPa in this case
study—see Table 1) and my, and s are empirical constants.

Referring to [44], a fractured rock mass undergoes new fractures when the deviatoric
stress 01 — 03 exceeds the Hoek & Brown criterion [4] formulated with mb =0 and s = 0.11.
In this case, the failure criterion [4] becomes:

01 — 03~ 0.33 Oci (4)

Considering the value of uniaxial compressive strength equal to 100 MPa, it follows
that the rock mass of the Ravalunga quarry may exhibit critical conditions only in areas
where the deviatoric stress exceeds the threshold of ~ 33 MPa. Been the maximum de-
viatoric stress value obtained from modelling, in static simulation, equal to ~ 20 MPa, it
follows that td of the Ravalunga quarry is below the calculated threshold.

As a stricter material-specific check, the results can also be evaluated according to the
deviatoric stress limit proposed for Carrara Marble by [45], calculated as follows:

01— 03 2 0.20 O¢ci (5)

In this case the threshold for the deviatoric stress become ~ 20 MPa (equal to the
maximum deviatoric stress value obtained from modelling). The computed deviatoric
stress reaches—but does not exceed—this conservative limit for Carrara marble and, more
than a critical state in absence of instability indicators, must be interpreted as a warning
threshold for the current geometry and loading conditions.

In contrast, a different response emerges under seismic loading where localized dy-
namic effects arise in correspondence of free faces and geometric discontinuities. In par-
ticular, Tmax spikes exceeding 20 MPa were observed at internal pillar corners, mainly
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where joint planes intersect excavation boundaries, thus exceeding the proposed thresh-
olds. These peaks are localized and spatially restricted and could be explained by three
concurrent mechanisms:

- Geometric amplification at sharp excavation corners, acting as stress concentrators
[46,47];

- Constructive interference of wave fronts at free surfaces, enhancing dynamic shear
stress [48];

- Favorably oriented fractures that locally reduce shear stiffness and promote stress
transfer [49,50].

Anyhow, it must be emphasized that the ongoing excavation activity already includes
the installation of active protection works, primarily rock bolts and steel sets/arches
(Figure 23). While their presence has not been included in the current numerical modeling
due to a lack of information on their dimensions, characteristics, and force, it is undoubtedly
a positive factor to be considered.

Figure 23. Examples of active supports installed in the roof of the underground tunnels.
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Some criticalities are observed also along the free surfaces of the open-pit quarry. The
lack of confinement combined with fractures unfavorably oriented with respect to the
excavation fronts results in considerable dynamic displacements. In these areas, seismic
loading may lead to temporary mobilization of shallow surface blocks—a mechanism
consistent with the discontinuous nature of the rock mass [51] as shown in Figure 20. These
mobilizations are due to topographic amplification and are limited to the free surface
without involving deeper or structurally important rock volumes [52]. These criticalities
highlight the need for targeted operational improvements in specific areas of the quarry.
Dynamic displacements observed along open-pit free surfaces suggest priority zones where
(i) optical monitoring systems and (ii) controlled removal or reinforcement of shallow
unstable blocks should be implemented. In addition, the Tmax concentrations exceeding
20 MPa at internal pillar corners identify areas where (iii) localized bolting or anchor
reinforcement is most appropriate. In addition, (iv) extensometers should be installed
on joints that exhibited preferential displacement vectors during dynamic loading, while
(v) microseismic or acoustic emission monitoring may be employed to detect precursory
slip along fractures characterized by unfavorable orientations.

Noticeably, any advancement in the quarry shape and modification of the struc-
tural setting must be included in the routine updates since every change can alter the
model response.

The comparison between static and dynamic conditions highlights the crucial role of
realistic stress initialization. Using CSIRO HI measurements ensures that modeled stress
paths reflect the actual in situ state rather than oversimplified lithostatic assumptions,
improving the predictive reliability of DEM simulations [19,27,28,53]. In fact, the physically
calibrated model successfully identifies the most vulnerable zones of the rock mass. The
distinguishing contribution of this work lies in demonstrating that coupling direct in situ
stress measurements with DEM simulation in a physically constrained workflow—both in
static and dynamic condition— significantly supports the reliability of local predictions
and provides a sound, field-validated basis for engineering decisions.

6. Conclusions

This study demonstrates that integrating a 3D DEM numerical model with high-
resolution geomatic data, detailed structural characterization, and direct in situ stress
measurements (by CSIRO HI cell tests) provides a calibrated and site-specific assessment of
stability for the Ravalunga quarry. Under static conditions, the marble rock mass exhibits
the expected behaviour of a stiff and well-confined material: displacements remain at the
millimetric scale, and maximum shear stresses are below critical thresholds, both according
to the Hoek-Brown criterion [4] and to conservative values proposed for Carrara marble
by Gulli et al. [45].

Dynamic analysis conducted using seismic input consistent with the NTC 2018 spec-
trum [39], confirms the substantial stability of the underground tunnels, although local-
ized and short-lived peaks of maximum shear stress exceeding the proposed threshold
(i.e., 20 MPa) may occur at sharp geometric corners of internal pillars and at free surfaces.
These peaks are attributed to the combined effect of geometric stress amplification, wave
reflection at free boundaries, and fracture orientations that efficiently transmit shear motion
during shaking. Despite these transient stress concentrations, no progressive damage or
loss of confinement develop within the tunnel, indicating stable behavior under the applied
seismic scenario. Furthermore, the current quarry context already includes active protective
structures, not yet modeled due to a lack of information on their characteristics, but which
play a positive role in terms of wall stability.
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Potential instability is instead concentrated at external quarry faces, where reduced
confinement and unfavourable joint orientations can facilitate the temporary mobilization
of shallow blocks during seismic excitation. These processes remain limited to near-surface
volumes and do not involve deeper, structurally significant rock masses and can be solved
or monitored by maintenance actions widely used in mining activity. Localized bolting
or anchoring of exposed blocks identified as vulnerable by the model, together with
periodic UAV/TLS surveys and focused visual inspections could be adopted to detect early
displacement signals.

The main contribution of this work lies in demonstrating that the integration of direct
stress measurements into DEM modelling substantially improves confidence in stability
predictions and supports engineering decisions grounded in physical evidence. This ap-
proach represents a concrete step toward safer and more sustainable management practices
for fractured marble quarries. Another key finding of this study is that only the dynamic
analysis is able to capture all potential instability mechanisms: certain critical conditions
emerge only under seismic loading, when reduced confinement and joint kinematics be-
come significant. Therefore, an integrated assessment of both static conditions and dynamic
response is essential to ensure a fully reliable evaluation of stability in fractured rock quarry
environments. Looking ahead, future development could include validation through field
monitoring to compare real deformations and possible failures with model predictions and
further consolidate the reliability of the proposed approach.
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