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Abstract

Mining operations conducted beneath water-bearing strata pose significant risks associated
with the development of water-conducting fracture zones in the overburden. The height
criterion for this parameter is critical to ensuring the stability of underground mine work-
ings and preventing the risk of water inrush incidents. The research is based on physical
and numerical simulations and aims to forecast the development of the water-conducting
fracture zone. The methodology is based on in situ hydrogeology data, geotechnical bore-
holes, physical 2D modeling of rock strata, discrete element modeling using UDEC, and
finite-discrete element modeling using Prorock software. A physical model of layered
rock mass is constructed to simulate unfilled excavation areas induced deformation under
real polymetallic ore field conditions. Based on the results, relationships between vertical
subsidence, layer curvature, inclination, and the height of the water-conducting fracture
zone were obtained. Particular attention is given to the effects of tectonic discontinuities,
chamber geometry, and backfilling on fracture development. A stepwise excavation se-
quence is simulated to reproduce field conditions and assess the evolution of stress and
deformation fields in the overburden. The study reveals that the propagation of the fracture
zone around a mine excavation adheres to a polynomial law, characterized by an increase
in height concurrent with the expansion of the excavation. This approach enables the
design of safe extraction strategies beneath aquifers or surface water bodies. The proposed
framework is expected to enhance prediction accuracy and reduce uncertainties.

Keywords: fracture water-conducting zone; numerical modeling; physical simulation;
UDEC; Prorock; rock mass deformation; geomechanics; underground mining safety

1. Introduction

The water-conducting fracture zone is one of the most critical factors affecting the
safety of mining operations, as it provides pathways for water inflow from overlying
aquifers into underground mine workings. In deep mining of polymetallic deposits, stress
redistribution and rock failure above the mined panels can result in extensive fracture
networks potentially linking the mine workings to confined aquifers [1,2]. Water inflow
incidents often occur when such fractures reach aquifers or surface karst systems, emphasiz-
ing the need for accurate prediction of the height and connectivity of the water-conducting
fracture zone. Conventional monitoring techniques, including borehole drilling, water
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pressure testing, geophysical logging, and surface deformation surveys, provide data on
existing fractures, however, their applicability is limited to accessible areas [3,4]. Recent
works focus on empirical and data-driven prediction models [5], where a multiple non-
linear regression model is used for predicting the fracture water-conducting zone height
based on mining thickness, depth, and rock properties. In [6], principal component analysis
is used to refine height predictions in closely spaced formations. Geophysical methods,
such as elastic-wave prospecting, have also been applied to detect fractured zones [7].
However, complex geologic structures, including tectonic faults, discontinuities, and karst,
as well as technological mining conditions, including backfilling of the excavation space
with hardening mixtures and alternating mining sequences (multiple panels, repeated
workings), create difficulties for purely empirical approaches.

Integrated physical and numerical modeling is increasingly utilized in rock mechanics
to tackle these problems. Physical modeling based on similarity theory allows for reproduc-
ing overburden collapse and recreating fracture propagation under controlled technology,
loading, and boundary conditions [8]. Similarly, numerical modeling (UDEC, Prorock)
based on the discrete-element and finite-discrete element methods allows for a systematic
analysis of stress redistribution and fracture propagation under different technological
mining schemes [4,8]. At Saint Petersburg Mining University, researchers have shown that
monitoring surface subsidence, inclination, and curvature can infer the development of the
fracture water-conducting zone [9]. An exponential relationship was identified between
the height of the water-conducting fracture zone and the cumulative extracted thickness,
enabling identification of hazardous areas for water-bearing fractures [9]. Litvinenko et al.
(2023) emphasized combining field deformation data with geomechanical analysis for mine
planning [10]. Despite these advances, there is a need to validate predictive models through
controlled experiments.

In this study, to ensure the geomechanical safety of the mine, a combined physical and
numerical modeling is proposed to predict the height and extension of water-conducting
fracture zones above the mine workings. Geomechanical modeling of real complex ge-
ological and hydrogeological conditions of the ore body with changing tectonic setting,
integrated with a physical model to reproduce the development of natural fracturing
in near-real conditions, as well as with a calibrated numerical model, will allow for an
analysis of the resulting shifts and deformations of the rock massif. The integration of
both approaches is aimed at improving the reliability of predictions of the height of water-
conducting fracture zone development in complex conditions in accordance with the
rigorous methods of geomechanics research [4,8].

2. Materials and Methods
2.1. Research Line Methodology

The research methodology is designed as an iterative process that integrates empirical
data, physical modeling, numerical simulation, and analytical interpretation to improve
prediction of fracture zone development. The workflow, shown in Figure 1, begins with the
collection of geological, hydrogeological, and geotechnical data characterizing the physical
and mechanical properties of rock mass layers.

The empirical data serve as the basis for both analog physical modeling and numer-
ical finite—discrete simulation [11], which allows for refining the required parameters to
simulate the excavation process. Physical modeling simulates fracture development under
real-world conditions, while numerical simulations reflect the mechanical behavior of the
array with greater parametric flexibility. In situ observations of vertical shear and deforma-
tion serve as key results of both modeling directions. The combined approach allows for a
comprehensive analysis of the geomechanical patterns affecting the height of WCFZ devel-
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opment. This complex process is completed by the development of a method for safe control
of the rock massif state and the establishment of empirical dependencies describing the pe-
culiarities of the development of dangerous fracture formations above the cleanup mining
operations. This multi-stage strategy enables both theoretical development and practical
application during underground mining under complex hydrogeological conditions.

Empirical Data Modeling Analysis Results
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Figure 1. Workflow of the research.

2.2. Factors Affecting the Formation of Water-Conducting Fracture Zone

During the development of mine workings, the natural stress equilibrium of the rock
mass is disturbed, resulting in deformation and displacement of the overburden. A collapse
zone forms directly above the excavated workings, as illustrated in Figure 2.

Figure 2. Factors affecting the formation of the water-conducting fracture zone.

Above the collapse zone, the rock strata undergo bending, lose structural continuity,
and develop fractures. Together with the collapse zone, this fractured region constitutes
the water-conducting fracture zone. When this zone intersects an aquifer or surface water
body, interconnected fractures provide pathways for water to flow into the mine workings,
potentially increasing inflow to catastrophic levels.

Above the fracture zone, the rock mass undergoes stratification, and individual layers
deform predominantly by flexure without the formation of through-going fractures. As a
result of hanging and cantilever-type bending of the overlying strata, a zone of increased
rock pressure develops around the mine workings, where the rock mass is subjected
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primarily to compression. Consequently, the area of the Earth’s surface affected by shear
deformation always exceeds the actual mining area. Within this region, zones of elevated
rock pressure are distinguished, which are particularly hazardous with respect to dynamic
rock pressure manifestations and rockburst potential.

The key parameters affecting the development of the water-conducting fracture zone
and their influence are discussed below. Parameters (1)—(4) are derived from the authors’
previous investigations [9,12] and long-term observations of rock mass behavior at various
hard-rock mineral deposits.

(1) Length of excavation zone

The panel length is the primary determinant of the final height of the mining-induced
fractured zone. An increasing span induces greater bending of the overlying rock beam,
resulting in more extensive fracture propagation. The fracture height reaches its maximum
and stabilizes once the goaf area attains the condition of full extraction, causing complete
subsidence of the overburden:

Hp =kD? + bD + ¢, (1)

where Hr— the height of the water-conducting fracture zone, D—Ilength of the mine
working, k, b, c—are empirical coefficients determined by the specific mining and geological
conditions (properties of the rock strata).

(2) Thickness of excavation

The extraction thickness of the layer directly influences the development of the frac-
tured water-conducting zone. A greater mining thickness modifies the mechanical structure
of the roof strata, resulting in instability and fracturing. This, in turn, promotes larger-scale
collapse and the formation of the final fracture network:

Hr ~ (20+30)-m )

the height of the water-conducting fracture zone is highly variable, however, empirical
observations indicate that it typically reaches 20 to 30 times the extraction thickness, de-
pending on the prevailing mining and geological conditions.

(3) Maximum curvature of the layer

In the immediate vicinity of the caving zone, where curvature deformations are
significant, normal cross-cutting fractures propagate towards each other, splitting the rock
layer across its entire thickness. As the distance from the excavated zone towards the
surface increases, the curvature of the layers consequently decreases, the penetration and
aperture of these fractures diminish proportionally. As a result, at a certain vertical distance
from the seam, there exists a layer where these fractures have not fully penetrated its entire
thickness. This specific layer retains its water-resistant properties relative to the underlying
strata and defines the upper boundary of the water-conducting fracture zone (WCFZ). The
maximum curvature value of the layer that coincides with this upper boundary is termed
the boundary curvature, while the vertical distance from the seam to this boundary is
defined as the height of the WCFZ:

)

where Hr—the height of the water-conducting fracture zone, m—mining thickness K,—the
boundary curvature coefficient.

(4) Coefficient of overburdening of the rock mass
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Formulas (1)—-(3) were derived without accounting for the degree of rock mass sub-
sidence, which is characterized by the undermining coefficient of the rock mass (N). An
undermining coefficient of less than one (N < 1) indicates incomplete subsidence of the
overlying strata, whereas a value greater than one (N > 1) signifies full subsidence. For a
comprehensive assessment, it is essential to determine the undermining coefficient sep-
arately for both the cross-section perpendicular to the seam strike and the longitudinal
section along the seam strike. To enhance the accuracy and reliability of the prediction, a
detailed evaluation of these undermining coefficients is therefore recommended.

(5) Insitu stress state

The absolute magnitudes of the principal stresses and their anisotropy influence the
failure mode and propagation of fractures. High confinement tends to suppress tensile
opening but can promote shear localization and fault reactivation, altering fracture orienta-
tion and continuity; lower confinement favors tensile fracture opening that may propagate
vertically through lithologic layers [13]. The in situ stress state therefore controls both the
mode of fracture growth and the effective vertical extent of the WCFZ. Because its influence
is intrinsically coupled with rock strength, stiffness contrasts between stratigraphic layers,
and the pre-existing structural fabric, the in situ stress state exerts a control on the initiation,
propagation, and vertical extent of the water-conducting fracture zone [14].

2.3. Geological Setting of the Case Study

The mining of the ore body modeled in this study is conducted in the polymetallic
mining area, as indicated by the region highlighted with a dotted line in Figure 3. The
worked-out rock mass has been selected as the object of investigation.

On Ca

[ c2-p2 B os

B p2j-D2mt == Lower boundary of the oquifer ] Mining zone
D1 11 nr-nr

B s2 M s

Figure 3. Summarized geological section.

The initial data for developing the research scheme consider that extraction occurs
under conditions of intense disruptive tectonics, characterized by a tuff-lava sequence
with a displacement amplitude ranging from 10 to 80 m and a dip angle between 70 and
88 degrees. Furthermore, the development of the deposit is complicated by the presence of
multiple aquifers in the cross-section, the most hazardous of which, due to its proximity
to the mining workings, is the D2jk formation, composed primarily of dolomites and
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carbonate rocks. The aquiclude separating the worked-out space from this water-bearing
layer is the D2mt formation, consisting of clay-bearing rocks, including marl and anhydrite.
Geological exploration data indicate that the thickness of the D2mt formation reaches up to
350 m. The deposit is extracted using various chamber system options, with a combined
layered extraction scheme and backfilling of the mined-out space with hardening mixtures.

Within the framework of modeling the deformation process, and considering both
the experimental complexity of the procedure and the limited geological study of the
host rock mass, it is assumed that the mass entirely lacks complex ore-body morphology
with numerous barren windows, bulges, or constrictions. The contour of the extraction
is therefore represented as a simple cavity, disregarding the process of backfilling with
hardening mixtures.

Figure 4 presents selected physico-mechanical properties of the rock mass layers:
sample density, uniaxial compressive strength, tensile strength, cohesion, and internal

friction angle.

Quaternary deposits: thickness from 0 to 35 m; uniaxial compressive strength g, = 60.9 MPa, uniaxial tensile

strength g, = 6.0 MPa

Basalts and tuffs: thickness from 20 to 267 m; uniaxial compressive strength g, = 111.6 MPa, uniaxial tensile

strength o, = 11.7 MPa

Dolomites and other carbonate-sulfate sedimentary rocks: thickness from 20 to 235 m; uniaxial compressive

strength 0., = 71.0 MPa, uniaxial tensile strength o, = 6.9 MPa

Breccias, dolomites, sandy marls: total thickness from 20 to 450 m; uniaxial compressive strength g, = 72.8

MPa, uniaxial tensile strength g, = 7.3 MPa

Anhydrites, marls, claystones, dolomites: total thickness of the Manturovskaya and Yukta formations

from 10 to 460 m; uniaxial compressive strength o,, = 64.5 MPa, uniaxial tensile strength o, = 6.9 MPa

Sandy marls, clayey dolomites, claystones, and carbonate breccias: thickness from 0 to 190 m; uniaxial

compressive strength g,, = 44.0 MPa, uniaxial tensile strength g, = 5.0 MPa

Norrish-type intrusions, gabbro-diorites, gabbro-dolerites with rich ore mineralization: average thickness

from 100 to 200 m; uniaxial compressive strength o, = 102.3 MPa, uniaxial tensile strength o, = 13.0 MPa

The contour of the mined ore body, which is considered as the effective thickness of extraction. It includes

disseminated, copper-bearing, and rich mineral ores

Norrish-type intrusions, gabbro-diorites, and gabbro-dolerites with rich ore mineralization: average thickness

from 100 to 200 m; uniaxial compressive strength 0., = 102.3 MPa, uniaxial tensile strength g, = 13.0 MPa

Clayey limestones, hornfels, limestone marls, dolomites, and anhydrites: thickness from 60 to 220 m; uniaxial

compressive strength g, = 86.2 MPa, uniaxial tensile strength g, = 9.0 MPa

Marl, limestone lenses, claystones, and clayey limestones: exposed thickness from 40 to 270 m; uniaxial

compressive strength g, = 81.2 MPa, uniaxial tensile strength o, = 8.0 MPa

Figure 4. Stratigraphic column and physico-mechanical properties of rocks in the research area.

Due to underfilling, the progressive upward development of the mining contour, and
the replenishment of reserves, this model represents a relevant prototype of one possible
scenario for the development of displacements and deformations in the worked-out mass.
This prototype is intended to illustrate the principles of vertical normal water-conducting
fracture development under complex hydrogeological conditions, considering disruptive
tectonic disturbances and recurring mining: extraction is performed in a single layer.
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2.4. Physical and Numerical Modeling Methods

To investigate the development and propagation of the water-conducting fracture
zones (WCFZ) in stratified rock masses above mined-out spaces, both physical and numeri-
cal modeling approaches were employed. These methods were developed to complement
each other and ensure comprehensive analysis and verification of results.

The physical similarity experiment was conducted in the Laboratory of Coal Mining
Problems at Taiyuan University of Technology, Shanxi, China to reproduce the progressive
development of fracture networks above the excavation and was used as a reference case
for numerical calibration. Numerical modeling was performed using two complementary
approaches. The UDEC 7.00 software package was applied to evaluate rock mass defor-
mation and surface subsidence, while the Prorock 2.0 software, based on a finite-discrete
element framework, was used to simulate fracture initiation, propagation, and the develop-
ment of the water-conducting fracture zone. In the Prorock model, intact rock blocks are
represented by deformable finite elements, whereas fracture evolution and block interac-
tion are governed by discrete contact laws, allowing for a simulation of both continuum
deformation and discontinuum behavior during progressive failure.

In order to reproduce the technological process of ore mining with backfilling of the
excavation space and stage-by-stage excavation, a two-dimensional model of physical simi-
larity was built [8]. The geometric similarity coefficient was chosen as 1:200, in accordance
with the principles of similarity theory in the mechanics of deformable solids [8-10]. Table 1
summarizes the prototype rock properties and the equivalent material parameters used in
the physical model.

Table 1. Physical model layer properties.

Parameter Anhydrite Sandy Dolomites Gabbro-Diorites Ore

0co, MPa 64.5 44.0 102.3 106

Oco model, MPa 0.193 0.132 0.307 0.318

ot, MPa 6.9 5.0 13.0 10.9

0% model, MPa 0.004 0.003 0.008 0.006

o, kg/m? 2870 2700 3050 4350
Omodel, kg/m3 1722 1620 1830 2609
Proportion of materials 537 737 337 31

The physical experiment was conducted on a physical modeling stand. The stand
includes a load management system. A high-rigidity power frame and a monitoring
and analysis system. The geometric dimensions of the physical model are 3000 mm in
length, 1500 mm in height, and 200 mm in width. The layers of the model are arranged
in accordance with structural, geological, and technical similarity. In the layers of the
mined massif, conditions have been created for the natural course of displacement and
deformation processes, similar to those observed in the workings of the polymetallic mine.
According to the theory of similarity, the force parameters for each layer of the massif are
calculated based on the physical and mechanical characteristics of rocks and the geometry
of their occurrence.

The boundary conditions of the physical similarity model were defined based on the
geological structure of the deposit and the average depth of ore occurrence 750 m. To
reproduce deep underground conditions without a free surface, the lateral and bottom
boundaries of the model were rigidly fixed, while a uniform vertical surcharge correspond-
ing to the average mining depth was applied at the upper boundary. To minimize boundary
effects and prevent premature failure during excavation, setback zones of 0.30 m were
introduced between the excavation area and the lateral boundaries. The relevance of the
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physical model was confirmed by laboratory tests demonstrating similarity between the
physical and mechanical properties of equivalent materials and those of the prototype
rock mass.

The excavation was carried out gradually in ten stages to simulate the layer-by-layer
mining technique with backfilling of the excavation space with curing mixtures. The
excavation zone represents the space left underfilled due to subsidence of the rock mass.
Throughout the test, precise vertical displacements are measured at model surface reference
points, and horizontal deformations are recorded by tracking the displacement of the
marks with a high-speed video camera [4,15-17]. Stress in the overlaying area and in the
discontinuities is recorded using precision dial gauges. Crack initiation and propagation
are observed visually and documented after each excavation step.

The aquifer, whose lower boundary is located at the boundary of D2mt and D2jk, is
not included in the modeling area to maintain the scale of the model, but this does not
prevent the recording of fracture development. The surface of the physical model is painted
with white paint in two thin layers for better observation of the opening cracks. The ore
body is highlighted in yellow. The upper part of the ore body contains excavation zones.

Numerical modeling was performed using two complementary approaches. The
UDEC software package was applied to evaluate rock mass deformation and surface
subsidence under deep mining conditions. Boundary conditions in the UDEC model
were defined consistently with the physical similarity experiment: lateral and bottom
boundaries were fixed to restrict displacements, while the in situ stress state corresponding
to the mining depth was introduced through a combination of initial stress components
and gravitational loading. A uniform vertical stress component was applied at the upper
boundary to represent overburden pressure, and the model was brought to equilibrium
prior to excavation.

Fracture initiation, propagation, and the development of the water-conducting fracture
zone were simulated using the Prorock software package, which is based on a finite—discrete
element framework. A triangulated finite—discrete element mesh was generated, subdivid-
ing the modeled domain into deformable elements with mechanical properties assigned
according to the physical and mechanical characteristics of the rock layers. Boundary
constraints and loading conditions were defined in accordance with the physical similarity
model, with fixed lateral and bottom boundaries and a uniform surcharge applied at the
upper boundary, enabling realistic simulation of progressive failure processes.

The input data for numerical modeling are presented in Table 2. The parameters listed
in Table 2 (including lithology, density, Young’s modulus, shear modulus G, cohesion C,
friction angle, tensile strength Rt, Poisson’s ratio, normal stiffness Kn, shear stiffness Ks)
were obtained using a combination of laboratory test data for materials and subsequent
analytical processing in accordance with widely accepted approaches for the preparation
of input parameters in numerical geomechanical models.

Table 2. Mechanical parameters used in the UDEC and Prorock numerical models.

Litholo Pr E, G, C, Fri, Rt, Poisson Kn, Ks,
8Y  kg/m® MPax10* MPax10* MPa ° MPa MPa x 104/m MPa x 10%m
Anhydrite 2870 5.50 5.15 15.0 33 6.9 0.28 458 1.79
Sandy 2700 5.26 5.00 10.1 32 5.0 0.29 438 1.63
dolomites
Gabbro- 3050 7.98 7.10 35 41 13.0 0.30 6.65 255
diorites
Ore body 4350 7.30 6.31 19-32 44 10.9 0.31 6.08 231
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Following calibration against the physical similarity experiment, more than 30 numer-
ical simulations were performed under boundary conditions derived from the geological
structure and depth range of the deposit. These simulations were used to assess the robust-
ness of fracture development patterns and to identify consistent trends in the thickness and
spatial evolution of the water-conducting fracture zone.

3. Results
3.1. Analysis of Fracture Development and Block Structure Formation

This section presents the results of the physical similarity modeling, focusing on frac-
ture initiation and deformation development in the overburden induced by the extraction
of a single mining layer. The analysis addresses the evolution of displacement, bending,
and loss of continuity in the overlying rock mass, which control roof collapse behavior and
the formation of the water-conducting fracture zone under the imposed mining conditions.

The analysis is based on two primary structural indicators:

(i) the degree of block segmentation of the overburden;
(if) the characteristic angles associated with roof caving and shear deformation.

The roof caving angle is defined as the angle between the intact roof layer and the
principal rupture surface formed during mining-induced failure. This parameter reflects
the rupture mechanism of the roof and the associated structural reorganization of the
overlying strata. To identify the position and evolution of rupture surfaces, the variation
in roof caving angles was systematically analyzed throughout the mining process. The
observed distributions of caving and shear angles are shown in Figure 5.

(b)

Figure 5. Graphical representation of the collapse zone and the displacement zone; (a) angles of

caving; (b) shear zone angles.

The measured caving angles range from approximately 70° to 104°. Under the con-
ditions of the studied mine, the average mining depth is about 750 m, and the dip angle
of the polymetallic ore body is approximately 12°. Considering repeated mining of adja-
cent layers, representative shear angles were identified as 5 = 59° and y = 65°, which are
consistent with the observed geometry of deformation in the physical model.

Within the framework of classical subsidence theory, the geometrical parameters of the
collapse and shear zones, including the caving and shear angles, can be used to delineate
the extent of the plastic deformation zone in the overburden. The boundaries defined by
these angles represent the transition from elastic bending to irreversible plastic failure,
which is associated with fracture initiation, block separation, and loss of load-bearing
capacity. Therefore, the experimentally determined caving and shear angles provide an
indirect but physically meaningful basis for identifying the zone of plastic deformation
above the mined-out space.

https://doi.org/10.3390 /mining6010010


https://doi.org/10.3390/mining6010010

Mining 2026, 6, 10

10 of 19

For the specific geological conditions of the deposit, the lower part of the water-
protective stratum located between the mined-out space and the aquifer is composed
predominantly of intrusive rocks. These rocks are massive and lack distinct stratification;
therefore, their deformation behavior under undermining differs fundamentally from that
of layered sedimentary rocks. As a result, subsidence develops mainly through a block-wise
deformation mechanism, as illustrated in Figure 6.

(b)

Figure 6. Buckling structural characteristics of the blocks in the overburdening area; (a) block
structure at the end of mining operations; (b) block structure at the beginning of mining operations.

The intrusive rocks exhibit structural heterogeneity controlled primarily by tectonic
fractures and faults of various scales. Consequently, deformation of the undermined
rock mass occurs through the movement of discrete blocks of varying sizes and shapes,
governed by the orientation and mechanical properties of bounding fracture planes and by
the prevailing caving and shear angles. Block movement is realized through shear sliding
along rupture surfaces, separation along fractures filled with weakening minerals, and
the opening of previously closed discontinuities. A key observation of the physical model
is that fracture apertures increase predominantly along block boundaries, whereas the
internal structure of individual blocks remains largely intact, with no significant change in
their intrinsic permeability.

3.2. Displacement and Maximum Curvature Change Law of Overburden Strata

Vertical displacements were monitored using reference markers placed on the frontal
surface of the physical similarity model, which allowed for continuous tracking of subsi-
dence development during excavation. Subsidence was independently evaluated using
three approaches: marker displacement tracking on the physical model using Tema Motion
2D v.3.8-004 software, full-field displacement analysis based on digital image correlation
implemented in GOM Correlate 2019, and numerical simulation of vertical displacements
using the UDEC software package under boundary conditions consistent with the physical
experiment. The displacement profiles obtained by these three approaches showed good
agreement, confirming the reliability and consistency of the subsidence results. The mea-
sured displacements were subsequently converted to prototype-scale values in accordance
with similarity theory, enabling direct comparison with field observations and numerical
predictions [12].
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Figure 7 presents the vertical displacement distributions at different elevations above
the excavation. In Figure 7a, subsidence curves along reference lines located at 20, 60, 100,
and 140 m above the excavation roof (prototype scale) are shown; the maximum subsidence
value of approximately 6 m corresponds to the prototype scale. Figure 7b illustrates
the displacement field obtained from numerical simulation, where contour lines denote
equal vertical displacement values, the color scale represents displacement magnitude
in meters, and the cyan line indicates the maximum subsidence profile along the central
section. Figure 7c shows the displacement field derived from digital image correlation,
with spatial axes expressed in prototype-scale meters and the color bar indicating vertical
displacement magnitude.
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Figure 7. Graphs of subsidence after the model is stable; (a) displacement analysis using Tema Motion
2D software for reference points lines (Line 1 is located 20 m above excavated layer roof, Line 3 is
60 m, Line 5 is 100 m and Line 7 is 140 m above, respectively); (b) displacement analysis using UDEC
software (Line 1 is located 20 m above excavated layer roof); (c) displacement analysis using digital
image correlation method by GOM Correlate software.

The results demonstrate that both the magnitude and spatial extent of subsidence
decrease rapidly with increasing distance from the excavation. Measuring points along Line
7,located 140 m above the collapse zone, indicate that a flat-bottomed subsidence trough
does not develop beyond this elevation, marking the upper boundary of the deformation
influence zone.
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Figure 8 illustrates the evolution of curvature during two representative stages of
panel extraction. Despite the different spatial positions of these stages relative to the
excavation, the maximum curvature values obtained at both stages are identical, indicating
that curvature has reached a limiting value.

0.025
E 0.02
£0.015
<
g
5 0.01
C=0.61-L-1126 L C=0.66-L"1172
<
= 0.005
0
100 200 300 0 100 200 300
Distance to the layer from the top Distance to the layer from the top
of caving zone, m of caving zone, m
(a) (b)

Figure 8. Graph of maximum curvature, where in the formulas C denotes the curvature of the rock
layer, L is the vertical distance from the top of the caving zone to the considered layer, m; (a) after six
stages of excavation; (b) after the model reaches a stable state.

This coincidence of maximum curvature values confirms the stabilization of the subsi-
dence process. It indicates that the overburden has entered a fully developed subsidence
state and that no further upward propagation of significant deformation occurs beyond the
identified deformation influence zone.

3.3. Analysis of the Law of Stress Change in Overburden Strata

The evolution of stress within the overburden was analyzed using electrical resistance
strain gauges embedded in the physical similarity model. These sensors were connected
to a multi-channel data acquisition system, which continuously recorded strain variations
during progressive excavation.

Figure 9a illustrates the evolution of vertical stress in the overburden strata during
single-layer excavation conducted in ten sequential stages. The primary measurement line
(sensors 1-10) was positioned 20 m (prototype) above the center of each excavation step,
enabling tracking of stress redistribution directly above the mined-out area. Additional
sensors (No. 11-13) were installed along a major discontinuity at distances of 80, 120, and
160 m (prototype) to capture stress concentration and transfer along structural weaknesses.

As shown in Figure 9a, the slope of the stress—excavation curve increases markedly
after the sixth excavation stage, corresponding to the onset of roof rupture and block
detachment in the physical model. This behavior indicates a transition from predominantly
elastic stress redistribution to progressive structural failure within the overburden.

Figure 9b presents the relationship between vertical stress magnitude and the maxi-
mum curvature of the overlying layers, where curvature is used as an indicator of bending
intensity and deformation localization. The plot demonstrates a strong positive correla-
tion, indicating that increasing vertical stress is accompanied by enhanced layer bending
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and curvature development. This confirms that stress concentration is a governing factor
controlling deformation geometry and fracture initiation within the overburden strata.
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Figure 9. Analysis of the relationship between vertical stress and layer curvature; (a) plot of maximum
rock mass stress as a function of excavation stage; (b) graph of the dependence of the curvature of the
layer on vertical stress.

3.4. Analysis of the Law of WCFZ Development in Overburden Strata

The development of the water-conducting fracture zone (WCFZ) during layered
mining was investigated using results of physical similarity modeling, as illustrated in
Figure 10. Progressive excavation leads to distinct changes in the fracture patterns of
the overburden, with marked differences observed between the initial and final stages of
mining. At early excavation stages, deformation is limited to localized roof collapse and the
opening of isolated fractures, whereas advanced stages are characterized by the upward
propagation and coalescence of fractures forming a continuous fracture zone.

In the present study, the height of the WCFZ is defined based on the appearance of
open fractures that fully penetrate the thickness of individual layers and connect adjacent
stratigraphic units. Such fractures are considered water-conducting, as they provide
continuous pathways for fluid migration across the overburden. Fractures confined within
individual blocks or not extending through the full layer thickness were not classified as
part of the WCFZ. This criterion is consistent with established physical modeling practices
for evaluating water-conducting fracture zones under mining-induced deformation.

Using the physico-mechanical parameters listed in Table 2, the numerical model, per-
formed with the Prorock finite-discrete element code [11], was calibrated against physical
simulations. Calibration was conducted with respect to the collapse zone height at the
sixth excavation stage, ensuring consistency between observed fracture patterns in the
physical model and simulated failure mechanisms. The calibrated numerical model was
subsequently used to evaluate the evolution of WCFZ height as a function of excavation
length, as shown in Figure 11.
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Figure 10. WCFZ propagation of the overburden strata during physical modeling; (a) excavation
of the first element; (b) immediate roof falling in 6th stage of excavation; (c) excavation of 7th stage;
(d) excavation of 8th stage; (e) excavation of 9th stage; (f) excavation of the layer after the model
is stable.
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Figure 11. WCFZ propagation of the overburden strata during Prorock software numerical simulation.
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The relationship between WCFZ height and excavation length is summarized in
Figure 12 and can be approximated by a second-order polynomial function:

Hr = 0.001D* + 0.02D + 2 (4)

where Hr—the height of the water-conducting fracture zone, D—length of the mine work-
ing. This relationship reflects the progressive weakening of the overburden during mining,
with rapid growth of the fracture zone at intermediate stages followed by attenuation as
deformation stabilizes.

180

160 R?=0.9917
140 o

4 ® Physical model

W(CFZ height,
[0}
o

60 ) Numerical model

40 ®

20

0 100 200 300 400
length of the excavation zone, m

Figure 12. The relationship between the height of WCFZ and the length of the excavation zone.

The physical similarity experiment was conducted within a two-dimensional mod-
eling framework with laterally constrained boundaries. Although setback zones were
introduced to reduce potential boundary effects, some influence of lateral confinement on
the extent of the fractured zone cannot be entirely excluded. Nevertheless, the strong con-
sistency between physical observations, calibrated numerical simulations, and field-scale
geomechanical behavior demonstrates that the proposed modeling framework provides a
reliable basis for assessing the development of water-conducting fracture zones under the
specific geological and mining conditions considered in this case study.

4. Discussion

Combined physical and numerical modeling of deep mining under complex geo-
logical conditions revealed clear patterns in fracture development and deformation. In
particular, the height of the water-conducting fracture zone grew in discrete increments as
the excavation advanced. Each mining step induced additional bending of the overlying
strata, and once a panel was fully extracted, the fracture height stabilized. This behavior
matches trends reported in other studies of fractured zones [18-20]. For example, Feng
et al. derived a regression model linking mining depth and thickness to fracture height
and observed similar stepwise growth of the fracture zone with repeated mining stages [1].
Quantitatively, an empirical relation between WCFZ height and the cumulative span of the
working was found, consistent with these earlier findings.

A notable result of the model is that deformation was strongly localized on one side
of the fault. The pre-existing discontinuity effectively screened the deformation: collapse
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and extensive fracturing occurred only on the footwall side, while the hanging-wall side
remained largely intact. In other words, the structural fault acted as a natural barrier to
stress redistribution. This asymmetry indicates that fault zones can decouple subsidence on
opposite sides [21], a phenomenon observed in some mining and geotechnical case studies
(faults often compartmentalize stress) [22-24]. In the model, the fault plane deflected the
stress field, preventing deformation propagation across the divide.

It was also established that the surface curvature of the strata correlates with stress
in the rock mass. Measurements showed that areas of high curvature (strong bending)
corresponded to zones of elevated vertical stress around the excavation. This finding
suggests that curvature can serve as a proxy for stress distribution: higher curvature
implies greater stress concentration in the underlying layers. In practice, monitoring of
subsidence profiles and curvature in the field could provide indirect estimation of stress
changes [25-27]. Such curvature-stress relationships are in line with geodetic monitoring
practices in mining (studies have used surface deformation to infer fracture zones) [20]. In
the case of study, curvature proved to be a reliable indicator of the upper boundary of the
WCEFZ under different levels.

The empirical law of fracture growth with excavation span was also confirmed. As the
length or width of the mine panel increased, the final WCFZ height increased nonlinearly. In
tests, the fracture height rose almost exponentially with span until the panel was fully caved,
then plateaued. This behavior agrees with the concept of an expanding bending zone under
larger openings. It means that longer or wider excavations will generate disproportionately
larger fracture networks. This insight allowed to parameterize the fracture height as a
function of panel geometry and mining depth for the given geomechanical conditions.

The research integrated modeling framework builds on the idea of multi-scale monitor-
ing [28] advocated in the literature [29-31]. For instance, a two-stage geodetic monitoring
approach—zonal surveillance followed by local deformation networks—for identifying
hazardous zones [32-34]. In a similar spirit, there is a need to assess regional hydrogeologi-
cal risk, then conduct local physical and numerical simulations of rock deformation. The
agreement between the physical model and numerical simulation serves as cross-validation
and increases confidence in the predictions.

External factors outside the mechanics of rock failure can influence outcomes. For
example, blasting operations introduce seismic waves that can weaken the rock mass at
a distance. The amplitude—frequency characteristics of blast-induced waves were found
to have resonance frequencies that significantly reduce marginal rock strength [35]. In a
mine setting, such vibrations could exacerbate fracturing in the overburden. Similarly,
hydrological effects are important: Ustiugov et al. showed that rainfall infiltration exhibits
strong seasonal cycles that strongly recharge groundwater [36]. These hydrogeological
processes affect pore pressures in fractures and, therefore, water inrush hazards. Environ-
mental health is another consideration [22], but these factors lie beyond the structural focus
of study.

At the same time, many previous investigations of water-conducting fracture zones
have been conducted under simplified geological assumptions, often neglecting the role
of structural discontinuities or relying primarily on empirical correlations or isolated
numerical simulations. Such simplifications restrict the applicability of existing results to
deep mining environments characterized by complex faulted structures.

In summary, by contextualizing mechanical results with such studies of monitoring
and hydro-geomorphic processes [37-39], it is reinforced the robustness of the integrated
approach and its relevance for practical mine safety.

The study has limitations related to scale and model simplifications. Laboratory-scale
physical models cannot capture all heterogeneities of real rock, and the numerical simula-
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tion assumes idealized material laws. These issues may lead to some discrepancy in fracture
height (for example, heterogeneities in the physical model can trigger earlier collapse than
a homogeneous simulation). Nevertheless, the combined use of both methods follows
best practices in rock mechanics and yields a comprehensive picture. Once calibrated,
the approach could be adjusted for site-specific conditions (e.g., different stratigraphy or
fault orientations). Future extensions could incorporate microseismic monitoring in the
physical model or use in situ geophysical data to refine fracture detection. Overall, the
results furnish new experimental and numerical insights into WCFZ formation, which can
help calibrate predictive models and support safer mining under water-bearing strata.

5. Conclusions

1. Faultbarrier effect. The pre-existing fault served as an effective natural screen: collapse
and fracture development were confined to the hanging-wall side, with essentially no
deformation crossing the fault plane.

2. Curvature-stress dependence. It is established that the curvature of the overlying
strata is controlled by the stress in the rock mass. In the model, points of highest
curvature coincided with zones of elevated stress, indicating that surface curvature
can reliably signal stress redistribution at depth.

3. Practure zone growth law. The height of the water-conducting fracture zone increases
predictably with the size of the excavation. Larger panel spans produced higher
fracture zones according to an empirical (near-exponential) relation, consistent with
an expanding bending beam model.

4. Integrated predictive method. Taken together, these findings form a basis for forecast-
ing vertical displacements and fracture development in deep polymetallic ore mines
with complex fault structures. By combining physical experiment with calibrated
numerical simulation, the methodology enables accurate prediction of subsidence and
WCEFZ limits under the studied geomechanical conditions.

5. Safety implications. The coupled modeling framework, validated by experiments,
provides robust criteria for safe mining under aquifers. It allows engineers to infer the
upper boundary of dangerous fracture zones from surface deformation data, thereby
supporting proactive design of pillars, backfill, and water-control measures.

In summary, the integrated approach advances the understanding of how tectonic
faults and excavation geometry govern rock mass behavior, and offers a practical tool
for predicting vertical movements and preventing water inrush hazards in deep min-
eral deposits.
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