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Abstract

Purpose. This study aims to enhance the monitoring of cave propagation in block caving developments by integrating mi-
croseismic tomography for numerical modeling of rock mass evolution due to mining and displacement distribution.

Methods. This study used the low-velocity zone identified by four-dimensional tomography as a fracturing or loosening zone
near the cave boundary. The elastic properties of the fractured zone were adjusted to analyze their impacts on stress and displace-
ment distribution. The displacement models for each scenario were validated using observed time-domain reflectometry (TDR).

Findings. The reduction in rock mass deformation modulus, inferred from decreased seismic wave velocity, produced a
displacement distribution consistent with Time Domain Reflectometer (TDR) measurements. The quantified reduction
in rock mass deformation modulus within the zone of loosening or low velocity (4.5 km/s) was approximately 0.5 times
the intact rock modulus. The northwestern cave boundary, predicted to expand, was accurately modelled as the rock mass
zone with the highest displacement (19 cm), coinciding with the induced stress concentration and high stress-strain locali-
zation in that area.

Originality. Conventional stress — strain — displacement numerical modeling typically assumes constant rock mass proper-
ties. However, during the caving process, extensive fracture growth and extension transform the rock mass from intact to high-
ly jointed, significantly altering its mechanical behavior. This study proposes a new integrated method utilizing rock velocity
models from microseismic monitoring to modify the rock mass deformation modulus in numerical modeling, during the frac-
turing stage under high cave-mining-induced stress conditions.

Practical implications. This study successfully optimized the use of microseismic monitoring data to update rock mass
conditions within the fracturing zone. This approach allows the elastic properties used in numerical modeling to be time-lapse
representative and to incorporate the effects of fracturing progression.
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1. Introduction caves [7]. Therefore, cave mines necessitate monitoring
methods that can survey extensive areas deep within the rock
masses, far from any exposed rock in tunnels.

Microseismic monitoring is a critical tool in cave mines,
used to identify zones at risk of rock bursts, characterize

Block caving is recognized as the most efficient tech-
nique for massive underground mining operations [1]. This
method has gained popularity alongside advancements in
mining technology, rock engineering, quality control, and

safety measures [2]-[6]. The sustainability of mine produc-
tion and safety increasingly relies on enhanced monitoring
techniques. Monitoring in cave mines presents unique chal-
lenges compared to that in other underground mining me-
thods because of the extensive excavation dimensions and
the prolonged operational lifespan of mines. Notably, caves
are often constructed beneath existing open pits in contempo-
rary practices, with subsequent excavations around the initial
cave. This process complicates the induced stress conditions
within the rock mass owing to the interactions among the

seismic activity, and map stress redistribution, among other
objectives [8], [9]. Seismic tomography, as an advanced
data-processing technique, enhances the informativeness and
reliability of seismic data for monitoring velocity varia-
tions [10]. These velocity variations are crucial properties
that determine the geophysical condition of the rock sur-
rounding the cave, as demonstrated in the back-analysis of
microseismic events and stress analyses.

The primary focus in cave mining monitoring is cave
propagation, which serves as a key indicator of production
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effectiveness. Mercier et al. (2015) developed a velocity
model from passive seismic monitoring to trace the temporal
evolution of cave geometry; however, their findings have not
been validated against actual caving front data [11]. In a
recent study, Hidayat et al. (2024) investigated cave propaga-
tion and stress distribution as indicated by clusters of seismic
events [12]. By modeling the rock velocity tomogram based
on bi-weekly observational data, they observed a decrease
and contrast in the velocities of primary (V) and secondary
(Vs) waves within the prospective caving zone. These fin-
dings confirm that seismic velocity measurements are critical
in identifying areas of cave propagation.

A key challenge lies in optimizing the use of tomo-
graphic images to enhance the geotechnical understanding
of underground mining, particularly concerning rock mass
properties. Previous research, encompassing both lab-scale
samples and field measurements, has established that rock
velocity correlates with deformability [13]-[16]. Fracture
frequency is densified by the presence of joints, which in
turn reduces rock mass deformability [17]-[19]. A specific
relationship between rock mass deformability and the ratio
of rock mass velocity to that of intact rock was proposed by
Coon and Merit (1970) as interpreted by Deere and Deere
(1989) [20]. According to caving mechanics theory, the
rock mass zone between the cave boundary and the seismo-
genic zone undergoes extensive fracturing, becoming more
jointed than its initial state. This fracture zone at the cave
boundary is referred to as the loosening zone or yielded
zone [21]. In an elastic model, a jointed rock mass exhibits
reduced strength and stiffness compared to a competent
rock mass [22], [23]. Given that a low velocity indicates a
weakened rock mass and that the caving mechanism in-
volves a loosening zone at the cave boundaries, it is crucial
to modify rock mass properties, especially deformability,
using velocity data from tomography.

Numerical modeling has been extensively utilized in
block caving studies to analyze influencing parameters
on rock mass cavability [24], determine the caving hydrau-
lic radius of rock mass [25], develop models of gravity
flow [26], and investigate surface responses [27]-[29].
However, literature on numerical modeling involving rock
damage due to cave induction is still limited.

In this study, rock velocity distribution was interpreted
as an indicator of rock mass quality. Utilizing the velocity
model and cave geometry from [12], this research ana-
lyzed displacement and cave propagation. The caving
mechanism ensured that the low-velocity zone around
cave boundaries corresponded to the loosening zone. Sim-
ulations of the fracture zone involved modifying the elas-
tic properties of the rock mass to reflect conditions in-
duced by block caving. The deformability of this fracture
zone was assessed using the rock mass velocity model
derived from tomographic data. A synthetic rock mass
model was developed, accounting for depth variations,
heterogeneous lithologies, and the typical cave geometry.
This study also examined the impact of the fracture zone
on displacement, proposing that the loosening and syn-
thetic fracture zones can be effectively modeled using
modified elastic properties; this, in turn, facilitates micro-
seismic monitoring as a viable method for displacement
modeling to predict cave propagation.
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2. Methods

2.1. Engineering geology and mining situation
in Deep Mill Level Zone

Numerical modeling in this study was derived from seis-
mic tomography data specific to the block caving mining in
the Deep Mill Level Zone (DMLZ). Figure 1 shows the block-
caving mining method. In this approach, access tunnels and an
extraction level are developed beneath the ore body.

Figure 1. Layout of the block caving mining method

Above extraction level, an undercut level is designed to
facilitate ore body breakage via drilling and blasting. Blasting
and ore withdrawal at the undercut level are conducted in
stages to cause the ore body to collapse due to gravity, aligning
with the controlled and continuous collapse objectives of
rock engineering in this mining method. The ore, once bro-
ken, is drawn and transported to the extraction level. The
drawing activity at the undercut level results in the formation
of a cavity above, which in turn triggers caving-induced
stress. Once a specific hydraulic radius (the ratio of height to
area of the cave) is achieved, the cave propagates continu-
ously, allowing the broken ore to move by gravity, which
enhances productivity in terms of production rate and cost.

The DMLZ is the deepest mine within the block caving
complex of PT Freeport Indonesia, situated more than
1700 m below the surface. This mine targets the extraction of
copper-gold and skarn deposits within the diorite intrusion of
the East Erstberg Skarn System (EESS). The EESS repre-
sents a vertically continuous porphyry and skarn-type mine-
ralized zone that develops at the contact zone between
Erstberg diorite (Te) rocks and carbonate and siliciclastic
wall rocks. This contact occurs along the northern edge of
the Erstberg intrusion complex. The resulting alteration and
rock units, consisting of skarn, hornfels, and dolomitic for-
mations, arise from the interaction between the igneous rock
and sedimentary limestone.

Figure 2 shows the rock units and geological structure of
the DMLZ mine area. Geological map of the Deep Mill
Level Zone (DMLZ) at 2600 meters above sea level (masl),
showing the location of the DMLZ mine (modified from [12]).
The DMLZ cave targets copper ore in the skarn and diorite
deposits. The geological layers are primarily oriented north-
west-southeast (NW-SE), influenced by the dominant struc-
tural forms of folds and faults in the area.
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Figure 2. Geological map of the Deep Mill Level Zone (DMLZ)

The syncline structure and an up-fault both follow this
NW-SE direction. Additionally, a paired shear fault occurs in
the NW-SE and northeast-southwest (NE-SW) directions.
The rock formations are angled at slopes ranging from mo-
derate to steep, between 40 and 75°.

2.2. Model description

The cave model, representing the current state of the
block cave mine, was developed based on findings by Hi-
dayat et al. (2024) [12]. This block cave mine is situated at a
depth of 1700 m and uses velocity tomography for monito-
ring purposes. The rock mass surrounding the cave compri-
ses three heterogeneous materials with distinct properties:
limestone, skarn, and diorite. These variations are due to the
intrusion of diorite into sedimentary rock, which hosts cop-
per-gold and skarn deposits.

The velocity model was constructed using seismic moni-
toring data through tomographic methods. Variations in ve-
locity anomalies around the cave were periodically monitored,
analyzing the evolution of P-wave (V}), S-wave (V;), and the
V,/Vs ratio. Figure 3 shows initial velocity model of the rock
mass in the DMLZ, illustrating the cave model on heterogene-
ous rock masses (skarn, limestone, and diorite). The diorite,
skarn, and limestone are depicted in red, dark blue, and light
blue zones, respectively. The initial velocity model of the main
lithologies limestone, skarn, and diorite in the DMLZ, with
respective P-wave velocities of 6.23, 5.59, and 4.91 km/s.
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Figure 3. Initial velocity model of the rock mass in the DMLZ

The processing of seismic monitoring data through to-
mography provides an updated velocity model. As shown in
the horizontal section at an elevation of 2700 masl (Fig. 4),
this model indicates the stress distribution and caving me-
chanisms induced by caving. The velocity distribution model
reveals a low-velocity zone in the northwest of the cave,
attributed to pressure release and significant rock fracturing,
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which corresponds with a cave propagation of approximately
60 m, as inferred from tomography. Updated velocity model
considering caving, derived from tomography by Hidayat et
al. (2024) [12]. The velocity distribution contrasts with the
initial model, particularly in the skarn lithology (predomi-
nantly dark blue) and diorite (predominantly cyan), where
numerous seismic events occur. On the northwest side of the
cave, specifically within the skarn lithology, a low-velocity
zone (red zone) is modeled as a fractured rock mass.

Figure 4. Updated velocity model considering caving, derived

firom tomography by Hidayat et al. (2024) [12]

Figure 5 shows a simplified interpretation of this velocity
model. This schematic interprets the velocity model shown in
Figure 4. The low-velocity zone to the northwest of the cave
is interpreted as a fracturing skarn lithology or a loosening.
According to this model, and considering that low velocity in
hard rock suggests fracturing, a zone of weak rock mass has
formed on the northwest side of the cave, induced by caving-
related stress. This is indicated by the emergence and expan-
sion of a low-velocity area in the northwest, observed six
weeks prior to caving.

Limestone
Fracture

Diorite

Figure 5. Simplified interpretation of the updated rock velocity
model induced by caving mechanics

Based on the conceptual model of caving by Duplancic
(1999) [22], the rock mass near the cave boundary, or the
cave back, experiences continuous damage ([30] after [22].
Stress redistribution results in a seismogenic zone located at
a specific distance from the cave boundary, where the dam-
age rate diminishes. The boundaries between the damage
zone and the seismogenic zone, as indicated in Figure 4, are
delineated by transitions from a low-velocity (red) zone to a
high-velocity (blue) zone.
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In the rock mass on the northwest side of the cave, the
red zone is encircled by the blue zone. The transition area,
marked with a white dashed line, was seismically active,
with events registering local magnitudes between -1.6 and 2.
Therefore, we model a fracture zone near the boundary of the
cave on the northwest side, as shown in Figure 5, identified
by the low-velocity zone (red zone) in Figure 4.

The boundary of contrasting velocity around the low-
velocity area is interpreted as a weakened rock mass resul-
ting from high induced stress. Consequently, failure occurs at
this boundary, subsequently defining the new shape of the
cave. In this study, the sequence of rock mass fracturing
phenomena was analyzed using numerical displacement
modeling to account for the weakening of the rock mass.

The representative model for this block cave mine was
developed using the finite-element method to analyze dis-
placement and stress distribution. The low-velocity anoma-
lies detected by four-dimensional (4D) time-lapse tomogra-
phy in the northwest area were critical for defining the loos-
ening zone as a result of rock mass evolution due to cave
excavation, as shown in Figure 5. The numerical modeling
conducted in this study incorporates the fracture zone in the
calculations of stress and strain.

2.3. Model setting

The numerical model was developed to estimate the im-
pact of rock mass variation on displacement around the cave.
The modeling approach uses finite elements with
RocScience3D (RS3) software, involving initial and bounda-
ry conditions, in situ stress, stiffness, strength, and mesh.

The initial condition is defined as a body force, represen-
ting the stress due to the unit weight of the rock mass itself,
which determines the overburden pressure. The boundary
condition is set as surface auto-restrain, ensuring the equilib-
rium of forces at the bottom and lateral external boundaries
of the model. The surface boundary experiences in situ stress
as an even load across the model surface, equating to gravity
stress at a specified depth (Fig. 6).

Uniform Load

ARSI IRER TRy

=400 m

-1.700m

Figure 6. Two-dimensional illustration of the initial and boundary
conditions of the numerical model

The cave, excavated at a depth of 1700 m, is modeled
with displacement constrained to the lateral and lower
boundaries owing to the infinite assumptions of the model.
At the surface boundary (top side of the three-dimensional
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model), the model endures a uniform load equal to the verti-
cal stress at a depth of 400 m below the surface. Stiffness
behavior is modeled as isotropic linear, where stress and
strain changes have a linear relationship, defined by Young’s
modulus and Poisson’s ratio. These linear elastic properties are
consistent in all directions, both laterally and vertically. The
failure criterion used is the Mohr-Coulomb model, and the
material type is elastic. In this model, the strength of a material
is defined by its cohesion, friction angle, and tensile strength.

Three materials are modeled to represent three lithologi-
cal zones oriented to the northwest with an almost vertical
slope (Fig. 7). Three-dimensional model of the geometry of
rock mass and cave, indicated by green space in the block.
The cave is set as an excavation, with the blue, green, and
red zones representing limestone, skarn, and diorite, respec-
tively. These zones are set as geology and are bounded by
vertical planes striking northwest (planes A and B). The cave
consists of skarn lithology and is the primary mining target.
The modeled cave features an undercut level measuring
364 x 282 m, with a height of approximately 300 m, narro-
wing towards the top to an average width of 200 m. The rock
mass within the external boundary is modeled as a radius
three times the dimensions of the cave, incorporating both
the excavation and surrounding geology (diorite, skarn, and
limestone). Excavation refers to the cave from the top to the
footprint on the undercut level floor, while geology encom-
passes the rock mass around the cave, defined by its physical
and mechanical properties within lithological boundaries.

Plane B
Plane A Limestone

Figure 7. Three-dimensional model of the geometry of rock mass
and cave

A mesh, the finest structure within a model, facilitates in-
cremental computations by the numerical model. A four-node
graded mesh gradually optimizes the computational process,
building an irregular tetrahedral mesh with denser network
points at the boundaries of cave geometry and lithological
boundaries and tapering towards the outer limits of the model.

The material properties used in the rock mass model are
listed in Table 1. These properties, estimated for the three
lithologies, have been validated by references from previous-
ly published studies [31]-[33]. The properties include speci-
fic parameter inputs for initial conditions, stiffness, and
strength for each lithology.
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Table 1. Rock mass properties for modeling stress distribution and displacement

. Unit weight, Young’s Poisson’s Cohesion, Friction angle, Tensile .
Main lithology MN/mg3 modulusf,; GPa ratio MPa degree ¢ strength, MPa Porosity, %
Diorite 0.025 48 0.21 19 54 9 0.6
Skarn 0.030 61 0.23 23 16 18 2.1
Limestone 0.029 58 0.23 21 35 9 0.7
Fracture zone 0.030 30.5 0.23 23 16 18 2.1

Plane A 0.0275 54.5 0.22 21 35 13.5 1.35
Plane B 0.0295 59.5 0.23 22 25.5 13.5 1.40

The properties assigned to the model are experimental
values used to test the model. The primary objective of this
modeling is to identify trends and directions in stress and dis-
placement distribution resulting from the applied treatments in
the model. For more precise analyses, such as assessing the
magnitude of stress and displacement, the properties should be
calibrated with actual site conditions. Intact rock properties
were determined through laboratory measurements of samples
drilled from the site location, including tests for uniaxial com-
pressive strength, triaxial strength, tensile strength, and physi-
cal properties. To calibrate the laboratory results to represent
the rock mass condition, the joint parameter on site is consi-
dered to adjust the mechanical properties.

The stiffness, represented by Young’s Modulus, is 48, 61,
and 58 MPa for diorite, skarn, and limestone, respectively.
The strength is expressed by the uniaxial compressive
strength (UCS), with values of 160, 135, and 95 MPa for
diorite, skarn, and limestone, respectively. In RS3, the mate-
rial strength according to the Mohr-Coulomb criterion is
defined by cohesion, friction angle, and tensile strength. This
model also considers the interface properties between each
pair of lithologies. The boundaries between limestone and
skarn, and between skarn and diorite, were modeled as
planes with an approximate direction of N 40° E/90°, with
assigned properties predicted from the average of the two
contacted lithologies. Planes A and B, as listed in Table 1,
limit the lithology corresponding to diorite-skarn and skarn-
limestone, respectively.

Determining the mechanical properties of the fracture zone
is a critical step in the modeling method proposed in this
study. According to the velocity model, the northwest of the
cave features a low-velocity zone with a velocity reduction of
approximately 1.73 km/s compared to the competent rock
velocity from skarn (6.23 km/s), resulting in a velocity index
of approximately 0.72. Based on Coon and Merit (1970), a
rock mass with a velocity index of 0.6-0.8 and a rock-quality
designation (RQD) of 75-90% is estimated to have a modulus
ratio (Erockmass ! Erockiap) Tanging from 0.5-0.8 [20]. Further,
according to empirical data analyzed by Zhang (2017) [21],
with an RQD of 75-90%, the deformation modulus of the rock
mass is approximately 0.3-0.5 of that of the intact rock. In this
study, the deformation modulus in the fracture zone, including
the low velocity or loosening zone in the northwest of the cave
and the synthetic fracture zone in the southeast of the cave, is
set at approximately 0.5 of the skarn deformation modulus,
which is 30.5 MPa. Modifying the deformation modulus in the
fracture zone aims to produce a displacement distribution
model that more accurately reflects the conditions at the site.

2.4. Modeling scenario

In the block caving mining method, fracturing of compe-
tent rock mass is a natural and essential process for cave
development; however, it must be controlled to align with
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the expected direction from the mining design. To examine
various modeling methods for rock mass fracturing enginee-
ring around the cave, we conducted three distinct modeling
scenarios in this study. The initial velocity model serves as a
reference to construct a three-dimensional model for scenario
I, featuring only a cave in the skarn lithology flanked by
diorite and limestone. Scenario II introduces a fracture zone
or loosening zone on the northwest side of the cave, as in-
ferred from the velocity model’s interpretation. The defor-
mation modulus properties assigned to the loosening zone
reflect empirical relationships between wave velocity and
rock mass quality. The displacement results from scenarios |
and II are compared with measured changes in the cave
through time-domain reflectometry (TDR) data. Scenario III
adds a synthetic fracture zone on the southeast side of the
cave, opposite the loosening zone, to simulate displacement
due to the interaction of the two fracture zones with the cave.

Differences in model reference and geometric treatment
between the three models are shown in Figure 8. Simplified
reference models of scenarios I, II, and III along the north-
west-southeast cross-section.

I I

Figure 8. Simplified reference models of scenarios 1, 11, and 111

Scenario I models displacement due to cave excavation.
Scenario II models displacement due to cave excavation and
the loosening zone northeast of the cave. Scenario 111 models
displacement due to cave excavation and the interaction be-
tween the loosening zone in the northwest of the cave and the
synthetic fracture zone in the southeast, indicated by crossed
lines on the northwest and southeast sides of the cave. The
model settings for the three scenarios are as follows:

I — hard rock mass properties represented by the compe-
tent rock mass’s properties;

I — the loosening zone modeled as a volume of rock
mass on the southwest side of the cave that experienced a
reduction in deformation modulus (Young’s Modulus) based
on empirical data;

III — a synthetic fracture zone on the southeast side of the
cave to study the effects of the interaction between two fractured
zones around the cave on stress distribution and displacement.

Generally, fractures or joints decrease rock mass quality.
In this numerical model, the fracture zone is modeled as rock
mass with reduced strength and mechanical properties. The
modulus of the fracture zone was modified to be 0.5 of that
of the competent rock. In addition to property modification,
determining the location of the fracture zone is crucial. This
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information, predicted by the velocity distribution and
changes in the cave boundary, requires regular updates
through microseismic monitoring.

We oriented the planes by defining their dip and dip direc-
tions according to the relative strike of the lithologies, estimat-
ed at approximately N 40° E/90° for both limestone-skarn
and skarn-diorite boundaries. Additional planes were con-
structed to delineate the loosening and undamaged zones. As a
result, the initial geometry was divided into multiple geomet-
rical volumes. Specific properties, corresponding to their litho-
logy and the conditions evident in the rock velocity model, were
assigned to all segments of these geometrical volumes. This
definition of lithology boundaries and rock mass conditions is a
key step that supports the objectives of this modeling.

3. Results and discussion

The stress and displacement distribution at the cave
boundary and surrounding rock mass have been modeled
across three scenarios. The stress—strain results of scenario I
elucidate the rock mass rheology. Subsequently, a compari-
son of displacement between scenarios I and II is discussed,
focusing on the incorporation of the fractured zone and refer-
encing measured TDR data on-site. Finally, the displacement
results from scenario III are presented to describe rock mass
behavior in response to interactions between the cave and the
fracture zone.

3.1. Stress-strain distribution

The in situ stress applied in the model represents the
gravitationally induced vertical stress, which is the major
principal stress. This stress increases with depth. Block caving
influences the stress condition of the underground rock mass.
As shown in the vertical section of stress distribution in
Figure 9, the in situ stress has been redistributed. Vertical
section of stress distribution looking to the northeast (NW-
SE section). The dotted white circles and line at the bottom
of the cave indicate a high-pressure area where induced
stress concentrates at the abutment of the undercut level. At
the edge of the cave’s top in the northwest (indicated by the
red dotted circle), a compressional stress regime appears
owing to the hanging rock. The dotted yellow circles indicate
the area at the top of the cave where the stress regime ope-
rates under tension. Looking to the northeast, the section
traverses the skarn lithology from northwest to southeast.
The rock mass above the cave experiences tensile stress as a
result of cave excavation. The area subjected to this tensile
regime extends to a height approximately four times that of
the cave. Above this tensile zone, a compression zone forms
up to the upper boundary of the model, exhibiting a concave
stress distribution. The compression regime that deepens with
increasing depth appears to form along the sides of the cave.

The asymmetrical and irregular shape of the cave signifi-
cantly influences the redistribution of induced stress. Besides
the undercut level, which naturally bears the greatest com-
pression load due to its position at the lowest cave elevation,
compressive stress is also concentrated in the cave’s con-
tours. These high-stress compression concentration zones are
characterized by tightly packed contour lines, observable on
the northwest and southeast sides of the undercut level and in
the middle side of the cave’s northwest. The most significant
compressive stress occurs at the corners of the undercut level
tunnel, spreading laterally at the lowest elevation of the cave.
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Figure 9. Vertical section of stress distribution

The redistribution of stress significantly impacts the rock
mass strain. Above the cave, where the tensile stress regime is
predominant, the modeled rock mass undergoes tensile strain
towards the northwest and southeast. Correspondingly, in
zones where compressive stress is concentrated, such as at the
undercut level and along the cave ridge on the northwest side,
compressive strain forms. The volumetric strain ranges from
-0.0003 to 0.0014, reflecting the response of the hard rock
mass to the distribution of induced stress. Vertical section of
strain distribution, as shown in Figure 10, looking to the nor-
theast (NW-SE section). The distribution of volumetric strain
shows tensional strain at the top of the cave declining towards
the northwest, following the cave shape. The area is bounded
by a yellow dotted circle. Compression strain occurred at the
undercut level (marked by the dotted white circle and lines)
and at the edge of the top cave on the northwest, as indicated
by the red dotted circle. The strain distribution corresponds to
the stress distribution and is largely influenced by the irregular
shape of the cave, particularly on the northwest side, where the
cave’s curvature deviates from that of the cave’s top.

Figure 10. Vertical section of strain distribution

Displacement, a measurable response of rocks on-site, is
compared with stress-strain analysis to validate rock mass
behavior. Utilizing the evolution of cave shape recorded by
the TDR measurements of Hidayat et al., 2024 [12] (Fig. 11),
the model is validated. The displacement in numerical mod-
eling indicates the distribution of cave expansion. Visualiza-
tion of the DMLZ cave propagation section based on 57 d of
TDR data. The brown, blue, yellow, and green lines repre-
sent the outer limits of the cave, updated bi-weekly.



S. Melati et al. (2025). Mining of Mineral Deposits, 19(3), 87-97

2840

2800

2760

Elevation (m)

|
|
{
|
1
t
|
{

2680

{

A

)
|
|
f
f
|

2720 |
{
f
I

2640 |

{

NA'

737400 737500 737600 737800

Easting (m)

737700

—— Outer limit of the cave on 13 September 2020 A

—— Outer limit of the cave on 27 September 2020
Outer limit of the cave on 11 October 2020
Outer limit of the cave on 24 October 2020

A

Figure 11. Visualization of the DMLZ cave propagation section
based on 57 d of TDR data

The area between the brown and green lines indicates
cave propagation over four weeks. The vertical cross-section
looks to the northeast [12]. It indicates significant cave ex-
pansion in the northwest direction. Before cave pro-pagation
occurs, displacement triggers movement until the collapse of
the rock fraction from the insitu rock, with the predominant
displacement distribution in the northwest direction where
cave propagation is measured.

Figure 12 shows the displacement modeling for scena-
rio I. The area bounded by the dotted white circles indicates
the domi-nant displacement around the cave boundary. In
scenario I, the largest displacement is at the top. Figure 13
shows the displacement modeling for scenario II. The area
bounded by the dotted white circles indicates the dominant
displacement around the cave boundary. Scenario II produces
a concentration of displacement shifted marginally next to
the northwest. The models tested, scenarios I and II, either
without or with a loosening zone on the northwest side of the
cave, respectively, demonstrate similar displacement distri-
butions. The largest displacements, measuring 25 cm in sce-
nario | and 26 cm in scenario II, formed over an area approx-
imately five times the height of the cave (Figs. 12 and 13).
This area marks the transition of the stress regime from ten-
sile to compressive (Fig. 9).

From this center of maximum displacement to the top of
the cave, displacement gradually decreases to as close as 18
cm in scenario I and 19 c¢m in scenario II.

Figure 12. Displacement modeling for scenario I
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Figure 13. Displacement modeling for scenario I1

Notable differences are observed in the area next to the
northwest side of the cave. scenario II results in greater dis-
placement on the northwest than scenario I, suggesting that
in scenario II, the rock mass above the cave fails along the
boundary of the cave on the northwest. Gravitationally, the
shape of the rock that overhangs the side of the northwest
cave experiences additional compression, acting as a new
abutment above the undercut level. Corroborated by the cave
propagation distribution in Figures 11 and 13, scenario II
provides a displacement model that is more appropriately
distributional than scenario I. This comparison demonstrates
that the fracture zone, functioning as a loosening zone on the
northwest of the cave in both models, contributes significant-
ly to displacement around the cave. The fracture zone redis-
tributes stress such that displacement is influenced not only
by the cave shape and overburden pressure but also by the
presence of the fracture zone within the rock mass.

Notably, the validation model used in this study was li-
mited to the distribution of stress and displacement in terms of
zonation, not their magnitude. Validation was achieved by
correlating the area of dominant displacement with the area of
cave propagation. Monitoring of cave geometry using TDR
indicated cave propagation at the northwest boundary of the
cave. Scenario II reflected this with dominant displacement in
a zone similar to the area of cave propagation as indicated by
TDR monitoring. This correspondence between the location of
dominant cave propagation and displacement suggests that
incorporating the fracture zone into the stress-displacement
model could enhance predictions of cave propagation.

Compared to other numerical modeling methods for analy-
zing fracture or yielded zones around caves, such as adding
stress to model elements [34] and experimenting with span
variations adjusted to the caving mechanism [35], the approach
proposed in this study aligns more closely with field conditions.
This is because the location and properties of the fracture zone
are estimated from the velocity model derived from monitoring
results at the site. The integration of fracture zones based on
velocity model information has facilitated a displacement dis-
tribution model informed by actual cave changes.

In the stress-strain-displacement analysis of hard rocks
using the block caving method, modifying the rock mass
property to be weaker in the loosening zone is strongly
recommended. This modification enhances the accuracy of
predictions regarding cave propagation locations. Once the
treatment in this numerical model is considered sufficiently
relevant and yields results validated by field measurements,
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more complex simulations involving the presence of fracture
zones can be undertaken.

Furthermore, our model considers the relative displace-
ment due to material heterogeneities. For more precise results
regarding the magnitude of stress and displacement, further
studies involving calibration with rock mass data from the site
and laboratory tests on rock samples are recommended.

3.2. Interaction of fracture zone and
caves in hard rock mass

In block caving, rock engineering through preconditioning
the hard rock mass is a key method for optimizing cave
propagation performance. Selectively fracturing areas aids in
controlling cave development to conform with the required
mine design. In scenario IIL, the synthetic fracture zone rep-
resents both in situ fracture zones, such as faults or inherent-
ly weak rock masses, and constructed fracture zones, such as
those created through hydrofracturing or destress blasting.

In this model, the synthetic fracture zone engineered on
the southeast side of the cave acts in opposition to the loo-
sening zone. Figure 14 shows the vertical section looking
northeast in modeling scenario III. The loosening and syn-
thetic fracture zones result in displacement that is evenly
distributed on both the northwest and southeast sides of the
cave. This arrangement causes displacement to extend
beyond the cave, predominantly in the main southeast-
northwest direction. This is evidenced by the range of dis-
placement contour curves on the cave roof, which appear
flatter and more expansive than those in scenarios I and II.
On both the northwest and southeast sides, the displacement
contours are uniformly distributed, providing an even
balance of cave propagation in both directions.

Figure 14. Vertical section looking northeast in modeling scenario 111

The model configuration presented here successfully en-
hances the understanding that the fracture zone significantly
influences the dominant displacement position, which in turn
triggers cave propagation. If a fracture zone is positioned
opposite the loosening zone, it can assist in balancing the
location of cave propagation toward the top of the cave. In
modern block caving engineering, where preconditioning can
weaken the rock mass, the locations of preconditioning are
crucial in determining the direction of cave propagation. For
instance, if there is an existing weak rock mass around the
cave, such as in the northwest zone (loosening zone), then a
fracture zone in the southeast can be engineered through
preconditioning to control the direction of propagation, en-
suring it is more evenly distributed.
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The model demonstrates that synthetic fracturing displa-
ces the southeast or roof of the cave. According to the re-
sults, artificial fracture zones created by methods such as
hydraulic fracturing can direct the displacement of rock
mass, potentially triggering cave propagation at the cave roof
and boundary. In the concept of cave mining, rock enginee-
ring is designed to achieve continuous caving in the direction
specified by mine design. For vertically dipping deposits
such as the DMLZ skarn system in this case study, contro-
lling propagation to continue toward the cave roof in the
direction of the deposit dip is crucial for sustaining efficient
production and avoiding dilution. The synthetic fracture zone
is highly recommended to be added along the strike of de-
posits and in the next block of the mining phase. If the pro-
pagation in the cave roof becomes stalled because the actual
redistribution of caving-induced stress is insufficient to col-
lapse the rock mass, synthetic fracturing can be implemented
in a specific direction following mine planning. The exten-
sion of the cave area can increase stress and distribute dis-
placement to trigger damage and fractures.

The model configuration described in Table 2 elucidates
the influence of the fracture zone on the dominant displace-
ment position that triggers cave propagation.

The modeling methods discussed can be applied to other
sites to place fracture zones according to field conditions.
The key to a representative model lies in positioning zones of
loosening and fracture based on investigation and monitoring
of the site’s geotechnical characteristics. Comprehensive
geotechnical investigations must precede the design of mine
models to accurately represent the quality of rock masses and
fault zones. Likewise, monitoring changes in the condition of
rock masses due to induced block caving must be conducted
continuously. This understanding of the interaction between
the loosening and fracture zones will be useful for rock engi-
neering in controlling the direction of cave propagation and
engineering the fracture zone.

4. Conclusions

The integration of seismic velocity data into numerical
modeling for cave propagation analysis has shown signifi-
cant promise, as demonstrated by the 4D tomography ap-
proach. The strain analysis revealed tensile strain values
reaching up to -0.0003 in the rock mass above the cave and
compressive strain down to -0.0014 at the undercut level,
demonstrating a realistic pattern of stress redistribution. This
study found that incorporating a loosening zone in the second
scenario improved the predictive accuracy of displacement
modeling, aligning with observed TDR data. Specifically, the
second scenario indicated a maximum vertical displacement
of 19 cm near the northwest boundary of the cave, closely
matching the TDR-measured cave propagation. In contrast,
the first scenario, which did not include the weak zone, ex-
hibited a less displacement (18 cm) and a less precise dis-
placement distribution. These adjustments enhanced the
model’s capability to accurately reflect stress and displace-
ment dynamics, increasing the reliability of predictions con-
cerning actual cave behavior.

In the third scenario, the addition of a synthetic fracture
zone on the southeast side balanced the displacement distri-
bution across the cave, with a maximum observed
displacement of 20 cm along the cave roof and a more
uniform strain distribution.
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Table 2. Summary and comparison of three modeling scenarios

Model’s settings and result Scenario [ Scenario 11 Scenario 111
Conventional modeling Advanced modeling incorporating ~ Engineering modeling analyzing the
Feature . .
of cave fracture zones and cave interaction of fracture zones and cave
. Heterogenous: diorite, skarn, Heterogenous: diorite, skarn, Heterogenous: diorite, skarn,
Materials . . .
and limestone and limestone and limestone
Modified geometry Lithology boundaries Lithology .boundarles, Lithology boundgrles, loosening
loosening zone zone, and synthetic fracture zone
. . . . Lithology interf: Lithology interf:
Modified properties Lithology interface ithology interfaces and ithology interfaces and

fracture zones fracture zones

Fractured zones No fracture zone

Loosening zone in the northwest

Loosening zone in the northwest
and synthetic fracture zone in the

of cave
southwest of cave

Marginally shifted next to the

Dominant displacement Top of cave’s roof

northwest of cave’s roof,
confirmed by actual cave

Distributed to the northwest and
southeast of cave’s roof

propagation from TDR data

This resulted in more controlled cave growth and demon-
strated that strategic placement of fracture zones, could
effectively guide cave propagation. By utilizing velocity
tomography data, this study presents a refined numerical
modeling approach for understanding rock mass behavior,
contributing to safer and more efficient deep block caving
operations. Future work should focus on calibrating these
models with additional site-specific rock mass data and con-
tinuous monitoring to further enhance predictive accuracy
and operational reliability.
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Mope/iloBaHHSI PO3BUTKY 30HH 00BaJIeHHSI NIPH IJIMOUHHIN cucTeMi 06,10K0BOro 00pyLIeHHS
3 ypaxyBaHHSIM 30HH TPillIHHOYTBOPEHHSl, BU3HAYEHOI 32 JaHNUMHU ceficMiuHOT ToMOrpagii

C. Menari, P.K. Barrimena, [I.I1. Caxapa, [.M. CimanryHconr, A. Biboso, B. XinasT, E. PisaTO

Mera. lociipKeHHs CIpIMOBaHe Ha BIOCKOHAJICHHS] KOHTPOJIIO 32 PO3BUTKOM IpoLiecy OOBaJCHHS NPH BEJCHHI TipHUYMX POOIT cHc-
TEeMOI0 OJIOKOBOTO OOBasieHHsI MOPIJ IHIIIXOM iHTerpauii MikpoceicMiuHoi ToMorpadil y duceabHe MOJCIIOBAHHS EBOMIOLIT HAIPYKEHO-
neopMOBAaHOT0 CTaHy MacHBY MOPiJ Ta PO3NOALTY 3MIllICHb.

MeToauka. BUkoprcTaHO HU3BKOIIBU/IKICHY 30HY, BHSBJICHY 3a JOIIOMOIOI0 YOTHPUBUMIPHOI ToMorpadii, sik 001acTh TPiLMHOYTBO-
peHHst a00 PO3yIIiIbHEHHs MOOIM3y MexXi oOBaneHHs. [Jis aHasi3y BILUIMBY Ha PO3IOI HANPYKEHb Ta 3MIllleHb OYyJIM CKOPUTOBaHi MPYIKHi
BJIACTHBOCTI Li€l 30HU. Mozeni 3MillleHb /Il KOXKHOTO ClieHapito Oyiu BepudikoBaHi 3a TaHUMHU BiOHBaNbHOI pedieKToMeTpil y yacoBiit
ob6nacrti (TDR).

PesyabTaTi. Busisneno, 1o 3HmwKeHHS Moy AedopMallii MacuBY IMOPiJ, BU3HAYCHE 32 3MCHILICHHSIM LIBHUAKOCTI CEHCMIYHUX XBHUIIb,
3a0e3neynsio BiAMOBIAHICTE PO3MOALTY 3MillleHb pe3yibTataM BuMipioBaHb TDR. BeraHoBieHo, 110 KijbKicHE 3MEHIICHHS MOy aedop-
Mauii y 30Hi pO3yLI[iIbHEHHS 3 HU3bKOIO MBHIKICTIO (4.5 KM/C) cTaHOBUTH Hprbmu3Ho 0.5 Big Moy cyuinbHuX nopid. [liBHigHO-3aXigHa
Meka 0OBaJIeHHs, NPOTHO30BaHA K 30HA HaWOLIbIIOro 3MimmeHHs (19 cMm), Oysia TOUHO 3MOZENBOBAHA, IO Y3TOKYETHCS 3 IiJABHIIECHOIO
KOHIICHTPALI€I0 HAaIIPYKEHb Ta JIOKaNi3alli€lo HapyKeHO-1e(OPMOBAHOTO CTaHy B Liil obacTi.

HaykoBa HOBH3HA. Y po0OTi 3apOIIOHOBaHO HOBHH iHTETrpOBaHMI MiAXil, SKUil BUKOPHCTOBYE MIBUIKICHI MOJIEN MAacHBY, OTPUMaHi 3
MIKPOCEHCMIYHOTO MOHITOPHHTY, ISl KOPUTYBaHHS MOZYJIS AeopMalil B YMCENbHOMY MOJICTIOBaHHI Ha eTami TPIIMHOYTBOPEHHS MiJ] €0
BHCOKHX HAlpy>KeHb, 3yMOBJICHHX OOBaJeHHSIM. BiIMIHHICTh MiAXOAy MONATa€e y TOMY, IO TPAAULIHHI YHCETbHI MOJEII “HalpyKEHHS —
nedopmarii — 3minieHHs”, 3a3BU4ail, BpaxoBYIOTh CTali BIaCTUBOCTI MacuBy nopix, IIpore, y mpoueci oOBaieHHs iHTEHCUBHE PO3POCTAHHS
Ta MOIIMPEHHS TPIIIUH HePETBOPIOIOTH MACKB 13 MOHOJIITHOTO Ha CHIIbHOTPIIIMHYBATHIA, [0 CYTTEBO 3MiHIOE HOTO MEXaHiYHY HOBEIIHKY.
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IMpakTruna 3HaYUMicTh. ONITUMI30BaHO BUKOPHUCTAHHS AaHHX MiKPOCEHCMIYHOTO MOHITOPHHTY AJIsl aKTyasti3awii CTaHy MacHBY MOpi[
Y 30HI TPILIMHOYTBOPEHHS. 3alIPOIIOHOBAHUH MiJXiA TO3BOJISAE 3pOOUTH MPY>KHI BIACTUBOCTI Y YHCEIFHOMY MOJIENIOBAaHHI OUIBINI perpe3eH-
TATMBHUMH Yy Yaci Ta BpaXxyBaTH BIUIMB PO3BUTKY TPIIIMHYBATOCTI.

Knitouosi cnosa: possumok obsanens, 30HU MPiluHOYMEOPEHH, YUCETbHE MOOENIO8AHHA, CEUCMIYHA momoepadis, niozemHa pos-

pobka podosuy
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