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Abstract

Deep underground gold mining induces complex stress redistribution due
to high in-situ stress, geological heterogeneity, and progressive excavation,
resulting in roof instability, floor heave, and pillar deformation. This study
aims to develop a physics-based predictive framework to forecast mine
pressure evolution, displacement, and plastic deformation under multiple
mining scenarios. The objective is to integrate geological zoning, in-situ
stress conditions, and excavation sequences into a unified model to identify
high-risk zones and optimize mining strategies. This study utilizes the pub-
licly available FLAC3D Gold Mining Dataset from Kaggle to define mining
layout, geometric parameters, in-situ stress, and rock mass properties for the
simulation. Spatiotemporal analysis evaluates principal stresses, Von Mises
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stress, displacements, and plastic zone evolution at each excavation step,
revealing areas prone to instability. In addition, the spatiotemporal stress
development at baseline, high-stress, deep-mining, and critical scenarios was
quantitatively assessed by means of parameters derived from the simulations,
allowing for the mapping of high-risk areas and the examination of stress
redistribution processes. Finally, the framework predicts stress redistribution
and deformation trends under baseline, high-stress, deep-mining, and critical
scenarios, validated through numerical comparison with FLAC3D outputs to
ensure reliability and accuracy. Results indicate accumulated stress increases
from 30 MPa to 750 MPa across mining stages, with prediction errors within
+2 MPa, R? = 0.97, and RMSE = 0.964 MPa. The framework effectively
identifies critical stress zones and informs optimal excavation planning,
demonstrating its potential to enhance safety and operational efficiency in
deep gold mining.

Keywords: Mine pressure evolution, FLAC3D numerical simulation, spa-
tiotemporal stress analysis, rock mass deformation, plastic zone development,
deep underground gold mining.

1 Introduction

Underground gold mining is becoming more and more related to com-
plex geomechanical issues because of the great in-situ stress, geological
heterogeneity, and continuous underground excavation [1, 2]. The stress
environment at increased depths of mining is very anisotropic, leading to
great mine pressure, roof instability, heaving of the floor, and deformation
of pillars [3]. The responses following stress are dynamically changing with
the excavation process, so mine pressure is a time-dependent and spatially
changing process [4]. The spatiotemporal dynamics of mine pressure are thus
important in the aspect of mine safety, optimization of excavation sequences,
as well as design of support systems [5]. The redistribution and deformation
behavior of stress has been studied in detail, and it offers important knowl-
edge on the mechanism of failure of the adjacent rock masses in deep gold
mining conditions [6].

The development of mine pressure is affected by several interacting
variables, such as mining depth, the geometry of excavation, the order of
excavation, the mass of rocks, and the stress situation as it exists in the host
rock [7, 8]. Stress transfer and patterns of deformation are also complicated
by geological discontinuities including faults and joints [9]. The state of the
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rock mass is changed by progressive excavation, resulting in the concen-
tration of stress locally, differential deformation, and plastic yielding [10].
These effects are more acute under high-stress and deep mining conditions
and can cause some dangerous situations like a rock burst or impromptu
collapses [11]. Also, mine pressure does not form immediately but changes
as the stress re-distributes and deformation occurs over time; thus, the struc-
ture in mine pressure analysis captures both the spatial and the temporal
features [12].

The behavior of mine pressure has been studied in different ways, by
empirical rock pressure theories, analytical stress models, physical similarity
experiments, and field monitoring methods, which include stress meters and
convergence measurements [13]. Surface deformation has also been mea-
sured using remote sensing techniques such as the InSAR technique [14].
Various numerical tools have been used in the analysis of underground
mining; among [15, 16] are the finite element method (FEM), discrete
element method (DEM), and finite difference method (FDM). Simulation
of redistribution and deformation of stress has been widely applied using
software like FLAC3D, UDEC, PFC, and ABAQUS [17]. Nevertheless, a
significant number of literature sources concentrate on the static setting or
individual excavation phases and are not systematically spatiotemporally
predictive and weakly quantitatively validating the process of mine pressure
development [18].

To eliminate these drawbacks, this paper presents a detailed FLAC3D-
based spatiotemporal predictive model to examine mine pressure development
in deep gold mines. It combines geological zoning, in situ stress conditions,
progressive excavation simulation, and elastic-plastic rock behavior to real-
istically reflect the redistribution of stress, development of displacement,
and evolution of the plastic zone. In contrast to the traditional ones, the
given approach focuses on spatiotemporal monitoring and the quantitative
forecasting of mine pressure in various mining conditions. The importance
of this research lies in the fact that three-dimensional numerical simulation
is combined with the metrics of prediction validation, and thus, there is an
opportunity to identify the high-risk areas reliably and make informed deci-
sions related to the mine design, hazard mitigation, and operational safety.
This paper:

* Demonstrates a comprehensive investigation of spatiotemporal mine
pressure evolution using the FLAC3D numerical simulation tool,
integrating datasets on mining layout, geometry, in-situ stress, and rock
mass properties for deep gold mines.
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* Implements numerical modeling with FLAC3D to simulate stress redis-
tribution, displacement, and plastic deformation, applying elastic-plastic
rock behavior and the Mohr-Coulomb failure criterion under progressive
excavation conditions.

* Analyzes spatiotemporal stress evolution by computing principal
stresses (01,02, 03), Von Mises stress (o v), and plastic yielding zones
at each mining step to identify high-stress and potential failure regions.

* Develops a predictive framework that forecasts mine pressure, displace-
ment, and plastic zone evolution over future mining sequences using
cumulative stress increments and nodal displacement evolution without
external analytical tools.

* Evaluates different mining scenarios and support configurations by
comparing stress redistribution patterns, displacement magnitudes, and
plastic zone development to select optimal excavation strategies for
safety and operational efficiency.

1.1 Research Scope and Novelty

The scope of a research project is the 3D numerical modelling of mine
pressure development in deep gold mining conditions in the presence of
various stress and excavation conditions. The suggested framework allows
tracking of the stress, displacement, and plastic deformation of space and
time continuously through the FLAC3D simulations. The concept of com-
bining spatiotemporal stress analysis and predictive modeling and validation
measures into a single framework makes it novel to determine the main
areas of stress and instability processes correctly. This is a physics-based
methodology that builds on the classical numerical research by offering not
only quantitative prediction capability but also greater decision support to
mine design and ground control.

1.2 Research Organization

The paper is organized as follows: Section 2 presents the literature review
on mine pressure analysis and numerical modeling techniques; Section 3
explains the proposed approach to FLAC3D methodology and predictive
framework; Section 4 presents and discusses the simulation results, vali-
dation, and spatiotemporal stress development; Section 5 reveals the engi-
neering implications of the results; and Section 6 concludes the study and
recommends future research directions.
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2 Literature Survey

Liu et al. [19] discuss the aspect of incorporation of 3D ore-forming numeri-
cal simulations in the prospectively modeling of minerals around the Xiadian
orogenic gold deposit in China. Their model, which used fault geometry
and ore-formation simulation variables, was shown to be more reliable and
predictive than traditional methods by use of Bayesian decomposition to
combine them. The effect of the underground mining of coal on the surface
and slope deformation of the Guangfeng coal mine was examined by Tian
et al. [20] using InSAR and FLAC3D. This research shows that there are
specific regions of subsidence and four phases of mining slope deformation.
The research is of value in terms of monitoring surface movement and
predicting slope stability; when they are combined, InNSAR and numerical
simulations will offer a guiding input on the risks involved in landslides in
mountainous mine areas, which can be reduced.

Meng et al. [21] suggest a new numerical model that can be used to
simulate the complicated interactions of rock mechanics and the flow of fluids
in the subsurface due to fracture. The model incorporates mechanical and
flow models, which improves the success of predicting the rate of change
of permeability and the rate of water inflow when extracting a resource.
The model includes a damage coefficient associated with the strength of
rocks, thus greatly enhancing the predictions of interactions between aquifer
and mine water and effects of mining on the groundwater systems in a
more accurate way. Liu et al. [22] examine how upper protective layer
mining affects the change in stress and deformation on the underlying coal
seams through similar experiments and FLAC3D simulations. Their analysis
demonstrates that upper coal seam mining has a major effect on decreasing
the pressure in the lower coal seam, which offers information on the pressure
relief region and stress concentrate zones. This study has highlighted that
protective layer mining is critical towards enhancing safety and maximizing
the mining efficiency through the reduction of pressure in underlying coal
seams.

Zhang et al. [23] interpret the stability of overlying strata and surface
deformation as a result of underground mining, which is a combination
of theoretical prediction and numerical analysis. Their work combines the
probability approach and the FLAC3D model to estimate the influence of
activities occurring near mining on the surface subsidence and redistribution
of stress. The results are a holistic system of assessing the risks of mine
stability and surface deformation in multi-mine districts, which is safe for
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surface buildings. Siddique et al. [24] introduce a two-work package that
includes InSAR, infrared thermography (IRT), and numerical simulations to
evaluate slope stability in open-pit mining. Their research is about the Sijiay-
ing Iron Mine (China), and InSAR is applied to monitor the deformation of
the surface, and IRT to reveal the underground anomaly. The results indicate
that displacement has a significant correlation with stress, which proves the
efficiency of this combined framework to enhance the safety and operational
efficiency of the mining operations through overcoming the drawbacks of the
traditional practices.

Yang et al. [25] discuss the stability of an iron mine in China and
the effects of weight, groundwater, earthquake loading, and rainfall. Indoor
testing and numerical simulation based on specific software such as GEO-
SLOPE and AutoCAD are used in the study to compute the stability coef-
ficients in different conditions. The results highlight the intervention factors
that are vital in the stability of the slope, which enables safe and effective
mining processes and also in maintaining safety standards. Liu et al. [26]
introduce a new mining method, which is the pre-controlled top-to-middle
and deep-hole upper and lower-wall goaf subsequent filling mining method,
to control deep ground pressure problems in the Sanshandao Gold Mine.
They come up with three different excavation plans and use FLAC3D to study
the evolution of stress and displacement. The results from their study depict
stress concentration and displacement features to verify not only the method’s
effectiveness but also its practical applicability for enhancing stope stability.

Pang et al. [27] was concerned with the issues of deepening the mining
of the gold mine at Jiaojia, with the emphasis on overburden stress and
the possibility of mine water catastrophe. They forecast the elevation of
the water-conducting fractured zone with the help of a three-dimensional
geological model founded on borehole data and derive the effect of mining
on the stress distribution. Their results emphasize the relevance of observing
the concentration of stress and offer a sound technique for analyzing the
stability of deep mining. Hou et al. [28] focus on the effect of freeze-thaw
(FT) cycles on the stability of open-pit mine slopes in cold areas. They
define the degradation of shear strength parameters through determining a
temperature-depth correlation, carrying out direct shear tests, and suggest
a model of fracture network. Their results emphasize how FT cycles affect
slope safety and can provide essential information on long-term evaluation of
service and the stability of cold-region mining slopes.

Gong et al. [29] consider hazards that are brought about by geo-stress in
deep underground mining of coal in the Pingdingshan region, including the
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instability of the roads stemming from intricate fault-fold structures. Their
analysis measures field in-situ stress properties, constructs a regression equa-
tion to calculate the major stresses, and compares the coefficients of lateral
pressure. They suggest improved roadway arrangements using FLAC3D to
reduce the risks by providing scenarios in which the geo-stress orientations
are localized, which will result in more efficient and safer mining in the
area. Wang et al. [30] examine the stability and deformation management
of the Xiling auxiliary shaft in the Sanshandao Gold Mine in complex
geological conditions. They come up with a thermal-hydraulic-mechanical
coupling numerical model to investigate the stress distribution, deformation
mechanisms, and long-term stability. The research focuses on the effects of
excavation rates on deformation and optimal support systems in deformation-
prone areas are advised, and the significance of monitoring in effective man-
agement of risk and safe construction of shafts is noted. Recent computational
mechanics studies have demonstrated the effectiveness of advanced numer-
ical approaches for engineering analysis. Yunhong and Shihao [31] applied
a GA-BP-based computational framework for displacement inverse analysis
and mechanical parameter estimation, while Li and Zhao [32] developed a
CFD-DEM coupled simulation approach to investigate mechanical behavior
and seepage mechanisms in fractured coal. These studies further highlight
the capability of computational modelling techniques for analyzing com-
plex stress and deformation responses in geotechnical engineering systems.
Collectively, the reported studies confirm the capability of FLAC3D-based
numerical simulation for characterizing stress redistribution, deformation
behavior, and stability evolution in underground mining environments. The
existing literature provides valuable insights into mine pressure mechanisms;
however, variations in geological conditions, excavation processes, and min-
ing environments continue to influence pressure evolution characteristics.
Further investigation of spatiotemporal mine pressure behavior considering
geological zoning and dynamic stress changes is essential for improving
stability assessment in deep gold mining operations.

2.1 Problem Statement

The development of mine pressure during excavation poses a significant
challenge in underground mining, particularly during different stress envi-
ronments. The complex interaction between excavation geometry, rock mass
properties, and induced stress changes causes an increase in the risk of insta-
bility and rock failure [19]. Although the current models concentrate on either
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stress or displacement, they are not able to encompass the spatiotemporal
evolution and forecast instability in a dynamic mining environment [22]. That
way, it is required to have an accurate physics-based model to estimate mine
pressure, displacement, and plastic deformation with time [27].

The suggested framework incorporates a dynamic FLAC3D model with
the ability to monitor dynamic spatiotemporal changes in mine pressure,
migration, and plastic deformation throughout the mining phases. The model
can be able to make more credible, flexible predictions by incorporating
real-time numerical simulations under varying mining conditions (baseline,
high stress, deep mining). This holistic approach will provide more accurate
predictability in the development of pressure and possible instability, leading
to risk control and optimization of excavation policies to make the mines safer
and more efficient in their work.

3 Methodology

Figure 1 illustrates a combined FLAC3D pressure analysis and prediction
model of mines. The process starts with input data preparation, including
mining layout and stope zone information, geometry parameters, rock mass
mechanical properties, and in-situ stress conditions before the excavation
process. The FLAC3D numerical model is built based on these inputs such
that the rock mass is modeled as a continuum and is discretized by a
hexahedral grid with the right boundary conditions and initial stress fields.
The established model allows intensive spatiotemporal variation of stress
and deformation in the course of excavation, resulting in the changing of
the major stresses, Von Mises equivalent stress, the redistribution patterns
of stresses, the formation of plastic zones, and time-dependent deformation
behavior. It incorporates all processes into a centralized system that uses
FLAC3D and facilitates the process of predicting mine pressure by simu-
lating future excavation phases, predicting the stress buildup, and locating
the areas of maximum stress. This is a complex model that offers a good
instrument in the assessment of excavation-induced instability and improves
decision-making related to underground mine safety and ground control
design.

3.1 Input Data for Numerical Simulation

The FLAC3D [33] simulation received its input data from four main sources:
mine layouts, stope geometry, in-situ stress conditions, and rock mass
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Figure 1 The overall proposed work.

properties. Data about the mining layout and stope zone indicate the order
of extraction and the sites of mining sectors. The geometric data specify
the dimensions and locations of the three-dimensional blocks for accurate
model construction. The initial stress data reveal the vertical and horizon-
tal geo-stresses existing before excavation, whereas the material property
data contain the density, elastic parameters, and strength characteristics of
the rock that regulate its deformation behavior. The integration of these
datasets together enables a very realistic simulation of stress redistribution,
displacement, and mine pressure evolution accompanying the excavation
process.

3.2 Numerical Modeling Using FLAC3D

The development of mine pressure was modeled using FLAC3D, a numerical
tool based on the finite-difference method that accounts for the elasticity
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Figure 2 Original and deformed mesh showing displacement magnitude.

and plasticity of rocks in a continuum. The numerical space is divided into
hexahedra, which can be used to compute the responses of stress, strain, and
displacement of every grid point during the disturbance caused by mining
activities accurately.

The original finite element mesh of the rock mass is illustrated by the
left panel along with its colored displacement magnitude, whereas the right
panel depicts the deformed mesh (with an 8x exaggeration) to show the
displacement patterns caused by mining-induced stress, as shown in Figure 2.
The color scale denotes displacement in meters, thus making it easier to see
the areas of maximum deformation located close to the excavation zone. This
image serves as proof of the rock mass deformation caused by progressive
excavation and is a confirmation of the mesh refinement used in the numerical
FLAC3D model. The dynamic equilibrium of three-dimensional equations is
represented by the following in Equation (1):

0%u
o
where o is the stress tensor, f is for body forces like gravity, p stands for
the density of the rock, and u is the displacement vector. This equation

V-o+f= (1)
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guarantees that the force within the rock mass is balanced even when the
rock is excavated and then stressed again. In the continuum, the linkage of
displacement to strain is expressed as Equation (2):

e %(Vu + (V)" @)

where € indicates the strain tensor that is obtained from the gradients of
displacement in space. This method of formulation permits the introduction
of the rock mass deformation behavior at every excavation operation stage.
Before the rupture, the rock mass behavior is linear and elastic, which can be
represented by the generalized Hooke’s law, as shown in Equation (3):

c=D:¢ 3)

where D indicates the elastic stiffness matrix that is obtained through the
elastic modulus E' and the Poisson’s ratio v. This elastic description is what
controls the stress build-up before the yielding takes place. The failure and
yielding of the rock mass are simulated by the Mohr-Coulomb elastic-plastic
failure criterion that portrays shear failure under a combination of normal and
shear stresses, as shown in Equation (4):

T=c+o,tan¢ 4)

where 7 denotes the shear stress at which failure occurs, ¢ symbolizes the
cohesion, oy, is the normal stress acting on the hypothetical failure plane, and
¢ signifies the internal friction angle. This criterion facilitates the simulation
of the areas of progressive yielding and failure that are initiated by mining
activities. The initial in-situ stresses are applied based on the overburden
depth, utilizing the vertical stress relationship, as shown in Equation (5):

oy, =vH &)

where v denotes the unit weight of the layer of earth above and H stands
for the depth of mining. Horizontal stresses are distributed correspondingly
based on the stress conditions of the area. Proper boundary conditions are
attached to render the simulation realistic in the re-creation of underground
mining conditions. The base of the model is fixed to reflect the constraint that
is given by deep and stable rock formations. Roller constraints are assigned
to the lateral boundaries and allow vertical motion but prohibit horizontal
motion to limit the effects of the boundaries.
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The FLAC3D model was divided into a hexahedral grid composed of
elements whose sizes varied from 1.5 m x 1.5 m X 1.5 m around the stopes
to 3 m x 3 m x 3 m far away from the areas of interest. Mesh refinement was
done surrounding the excavation areas to be able to precisely determine the
stress concentration and plastic deformation. The rock mass was classified
into three geological zones: hanging wall, orebody, and footwall, where each
zone was assigned specific material properties (density p, Young’s modulus
FE, Poisson’s ratio v, cohesion ¢, internal friction angle ¢) that had been
previously established by field and laboratory characterization. The elastic—
plastic properties were then coupled with the Mohr—Coulomb failure criterion
to make the yielding and failure processes more realistic. The boundary
conditions (fixed base and lateral rollers) were selected in such a way that they
would imitate the confinement effects of deep gold mining; consequently,
very realistic stress redistribution and deformation patterns were obtained.

Mining activities are modeled by progressive excavation, which is the
mining activity whereby ore fields are excavated in stages to replicate the real
mining process and the effect of this on redistribution of stress. Using this
framework, the model takes into account the dynamic nature of interaction
between rock mass properties, excavation geometry, and mining progression,
which is the foundation of spatiotemporal stress analysis.

3.3 Spatiotemporal Stress Analysis

One of the most important novelties of this methodology is that it is dynamic
enough to monitor variations in stress both in space and time and identify the
areas that are most liable to high stress or failure. Each mining step calculates
the following in the model:

* By means of principal stresses (o1,02,03), it is possible to evaluate
stress orientation and magnitude across the rock mass.

* Von Mises equivalent stress (o) is the parameter used for determining
the yield strength in the rock mass, calculated as Equation (6):

1

oy = \/2[(0'1—02)2+(02—03)2+(03—01)2] (6)
High values of o, indicative of the sites where the rock mass is nearing
plastic failure, thus foreseeing roof or floor instability.

* Plastic yielding and stress concentration zones have been marked out to
indicate the areas that are likely to undergo deformation or collapse. The
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Figure 3 3D plastic zone distribution and stress concentration.

temporal evolution of mine pressure is stated as Equation (7):

where oq is the initial in-situ stress and Ao, represents incremental
stress changes due to mining that occur in increments. The stability of
the rock mass surrounding the excavation is illustrated in Figure 3. The
stable areas are in green, the partial-yielding areas in orange, and the
fully-plastic areas or zones with very high instability risk in red. The
arrows represent the possible directions of failure, thus pointing out the
critical zones that require support and risk mitigation as a result of their
location.

Rather than assuming instant stress redistribution, the model takes into
account the time-related behavior of the entire rock mass to reproduce the
viscoelastic and creep effects. Through the use of FLAC3D’s integrated
creep and viscoelastic formulation, the incremental stress and displacement
calculations are composed of the immediate elastic—plastic response and the
slow time-dependent deformation. This leads to the simulation being able
to represent the delayed yielding and the progressive strain accumulation in
a realistic way, which in turn increases the accuracy of the spatiotemporal
evolution of mine pressure and the location of potential instability zones.
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The redistribution of stress dynamics at different excavation stages allows
visualization of the 3D-stress contours, time-dependent stress curves, and
plastic zone maps. These outputs are very informative in the mechanical
response of the rock mass to the mining activities on which hazard prediction
is based.

3.4 Predictive Framework for Mine Pressure Evolution

The FLAC3D predictive model is used to assess the spatiotemporal devel-
opment of the mine pressure following a predetermined sequence of future
mines. Forecasting is done directly based on quantitative numerical results
and qualitative spatial interpretation of FLAC3D results without involving
the use of other external analytical tools. Prediction of mine pressure at a
given mining stage in the future is given as Equation (8):

¢
op(z,y,2,t) = oo(x,y, 2) + Z Aoy (z,y, 2, k) (8
k=1
where stress, oo(z,vy, z), represents the in-situ stress at the beginning of
the process, and Ao, (x,y, z, k) is the stress from the last excavation step.
This model makes it possible to provide a quantitative measure of stress
redistribution during mining. Numerical differences between the maximum
principal and Von Mises stress levels in the excavation phases are used to
identify the location of peak regions of stress. Areas with a high concentration
of stress or stress increasing rapidly are understood to be areas of potential
instability, especially in the roof, floor, and pillar areas.

The stress distribution map shows the areas that will happen to be
deformed and possibly even destroyed during the mining process, as shown
in Figure 4. Blue and green reflect the stress conditions that are low to
moderate and point to the presence of stable rock, whereas the spectrum
from orange to red denotes the areas with high and even critically high stress
that could lead to instability proneness. Thus, by placing the map of stress
distribution on the mine site, the managers will be able to know where to
direct their monitoring and reinforcement actions to secure the mine. The
nodal displacement evolution is computed to measure deformation behavior
depending on time as Equation (9):

u(xvyazat) :u(x,y,z,tf1)+Aum(x,y,z,t) (9)

where u(x,y, z,t) refers to the displacement at time ¢, and Au,,(z,y, z,t)
represents mining-induced deformation increments. The accumulation of
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progressive displacement means the weakening of the rock mass and the
risk of its instability. Moreover, mining sequences and support configura-
tions are evaluated based on the comparisons of redistribution patterns of
stress, magnitude of displacement, and development of plastic zones. The
excavation schemes with lower stress concentration and lower deformation
are more preferable for safe and efficient mining activities. The entire process
of predictive evaluations and validation metrics in the research described is
based on a series of forward numerical simulations using the same FLAC3D
framework as the one that provided the stress trends from intermediate
excavation stages. These stress trends were then extrapolated and compared
with FLAC3D-computed stress values at the next excavation stages. The
methodology offers itself as a reliable physics-based model predicting mine
pressure behavior and aiding prudent decisionmaking in the gold mine design
and gold mine safety measures.

4 Results

This section will analyze how stress, displacement, and plastic deformation
of the rock mass change with time during the mining excavation. Different
mining scenarios such as the baseline mining situation, high stress mining
situation, deep mining situation, and critical conditions are discussed in the
analysis about the effect each scenario produces on the accumulation of
stress, ground displacement, and expansion of the plastic zone. The findings
indicate that there are vast disparities in the deformation pattern, with critical
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conditions having the most stress and displacement; thus, the need to be
careful and control the stability of the ground when excavation is being done.

4.1 Computational Resource

The minimum setup and the recommended setup of the FLAC3D modeling
are provided with regard to the computational requirements to enable optimal
capabilities. The bare minimum requirements are Windows 8.1 or Linux with
a 64-bit operating system, a 64-bit Intel or AMD processor, 16 GB of RAM,
500 GB HDD/SSD storage, and OpenGL 3.3 compatible graphics. In its
specifications, it recommends Windows 10/11 or Ubuntu LTS, an Intel i9
CPU, 64 GB of RAM, a 1 TB SSD/NVMe disk, and a dedicated graphics
card to support 3D visualization, supporting 4 K displays. The application
scenario will be the modeling of small to large 3D mining and geotechnical
models using FLAC3D version 6, and the type of license may be USB dongles
or a network/web license.

4.2 Prediction Performance and Validation of Mine Pressure
Evolution

This section proves the suggested mine pressure prediction framework by
comparing predicted values and FLAC3D output in terms of cumulative
trends, error distribution, correlation, and residual value.

Figure 5 shows the development of the rock pressure cumulatively with
more mining steps. The pressure is built gradually, with a value of about
30 MPa at the initial phase and up to approximately 750 MPa at the final stage
of the excavation. The estimated values are very similar to the determinations
of FLAC3D of the true values, with the deviation not exceeding 2%, which
reveals consistent stress accumulation behavior and high predictive ability.

Cumulative Rock Pressure

%

=1

=
1

600 | =*=True
~5-Predicted

Cumulative Pressure (MPa)

0 2 4 6 8 10 12 14 16 18 20
Mining Step

Figure 5 Accumulated stress evolution during sequential mining.
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Figure 6 shows the error distribution of the predicted values of rock
pressure. The majority of errors of the prediction are within the range of
—3 MPa to +2 MPa; the average error is near to O MPa. The anti-skewed
distribution around zero shows the lack of systematic bias and proves the
strength of the prediction method.

Figure 7 compares the predicted values of rock pressure to actual
FLAC3D simulation outcomes. The data points do not deviate much from
the 1:1 line, with a coefficient of determination of R? = 0.97, a high value
indicating high accuracy and correlation of the prediction framework at all
stages of mining.
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Figure 9 Baseline vs critical rock pressure evolution with mining step.

Figure 8 demonstrates residuals in the predicted and true rock pressure
values at various steps during mining. The residual values vary around zero,
with the maximum value of about +/—2.5 MPa and an overall RMSE of
0.964 MPa. The small dispersion is a guarantee of the predictive model being
stable and reliable.

4.3 Spatiotemporal Evolution of Rock Pressure Under Different
Mining Scenarios

This section compares the spatial and temporal change of rock pressure under
the baseline, high stress, deep mining, and critical conditions, which points
out stress redistribution and instability risks throughout the excavation.
Figure 9 shows the development of the rock pressure is compared in both
the conditions of the baseline and critical stress in the 20 mining steps. The
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zero scenario indicates a steady rise of about 27 MPa to 49 MPa, which is the
redistribution of stress that is stable. By comparison, the critical condition
has a much greater increase in pressure between approximately 51 MPa and
approximately 92 MPa, which is a steep concentration of stress under the
influence of excavation. The increasing dislocation between the two curves
is an indicator of the growing instability with the critical conditions, and the
need to observe the high stress areas when excavating deep gold mines.

In Figure 10, the values of final rock pressure were obtained at the final
mining step under the four conditions, that is, baseline, high stress, deep min-
ing, and critical condition. The last pressures are about 49.1 MPa, 63.7 MPa,
78.2 MPa, and 91.9 MPa, respectively. The obvious incremental process
proves the effect of the growing mining depth and the stress environment on
rock pressure. The critical scenario presents the most pressure, which means
that the risk of rock instability is higher and more stringent ground control
measures should be considered.

In Figure 11, the pressure of rocks is shown to vary as more mining steps
are made. The pressure of rock rises progressively from about 27 MPa during
the first excavation level to almost 49 MPa during the last excavation level.
The measured pressure values are very close to those of FLAC3D results, as
not only an upward trend is observed but also local fluctuations caused by
excavation.

Figure 12 shows the rate of change in rock pressure with each mining step
in the case of baseline, high stress, deep mining, and critical cases. The values
of change in pressure vary between mild (—1.8 MPa/step) and acute (more
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than 8 MPa/step) in critical situations. The sharp jumps at certain steps mean
that the excavation activities redistributed the stress quickly. The critical and
deep mining conditions are more fluctuated than the baseline, revealing the
instability of the stress behavior and determining the excavation stages when
the risk of rock failure is multiplied considerably.

Figure 13 displays the cumulative development of the rock pressure using
the mining development in all four scenarios. Base pressure is gradually
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Figure 13 Rock pressure evolution for all mining scenarios.

growing between a range of 27 and 49 MPa, with severe mining, demanding
conditions, and extremely high stress reaching around 64 MPa, 79 MPa,
and 92 MPa, respectively. The trend in moving the curves away indicates
the growing concentration of stress as the depth and severity of the mining
increase. The critical scenario has always shown the most significant levels of
pressure, which implies areas that are more likely to be unstable. This analogy
is useful in bringing out the influence of varied mining environments on the
evolution of mine pressure.

4.4 Three-Dimensional Spatiotemporal Stress Evolution in Rock
Mass during Mining Excavation

The section portrays three-dimensional spatiotemporal variations of principal
and Von Mises stresses in the rock mass, which demonstrate stress redistri-
bution, locations of stress concentration, and successive mechanical response
caused by repeated mining excavation.

Figure 14 shows the 3-D distribution of the main stresses within the
mass of the rock in the mining Step 10. Figure 14(a) shows the largest
principal stress (o7) with strong stress concentration around the center of
the excavation, with its value up to about 70 MPa. The intermediate principal
stress (o2) is illustrated in Figure 14(b), and it has a rather moderate and
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more consistent stress distribution with stress values of about 40-55 MPa.
Figure 14(c) shows the minimum principal stress (o3) where the stress levels
are lower and mainly below 35 MPa. In combination, these elements of stress
will point out the anisotropic stress reallocation and localized accumulation
caused by mining excavation

Figure 15 depicts the spatiotemporal development of Von Mises stress
throughout progressive mining excavation. Figure 15(a) Step 1, the initial
state would have a relatively low and uniformly distributed Von Mises stress,
and this implies that there is a very low level of disturbance in the rock
mass before excavation. At Step 10, which is the intermediate stage in the
excavation, stress concentrations start to occur around the excavation region,
and the concept can be explained by progressive stress redistribution and
localized yielding. Figure 15(c) Step 20 illustrates the advanced excavation
phase that exhibits eminent high-stress areas with amplified stress impact,
increased potential deformation, and imperative stress state as excavation
progresses.
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4.5 FLAC3D Numerical Model

This section explains the FLAC3D numerical model setup, geological zoning,
and stressdisplacement state prior to and following the excavation.

Figure 16 shows the FLAC3D numerical modeling system and excava-
tion response of the gold mine. Figure 16(a), the geological zoning of the
FLAC3D model has been shown with a clear distinction of the hanging wall,
orebody, and footwall to reflect the mass heterogeneity in rock. Figure 16(b)
demonstrates the evolution of the stress-displacement of the rock mass before
excavation, which shows the initial equilibrium of the rock mass under the in-
situ stress. Figure 16(c) is a model in three-dimensional mode that shows the
redistribution and deformation of stress caused by mining after excavation of
Stopes 1 and 2. The combination of all these figures shows the spatiotemporal
dynamics of mine pressure and justifies the ability of the FLAC3D model to
model the instability processes of excavation.
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Figure 16 Three-dimensional FLAC3D numerical model and stress-deformation response
after sequential excavation of stopes.

4.6 Temporal Evolution of Stress, Displacement, and Plastic
Deformation in Underground Mining

In this section, the temporal changes of the stress accumulation, displacement
development, and plastic zone evolution are studied, and the excavation
deformation patterns and instability mechanisms are exposed to the change
under different mining conditions.

Figure 17 shows the changes in displacement under baseline, under high
stress, under deep mining, and under critical state conditions through time.
All the cases experience progressive increases with time in displacement,
which is a deformation due to excavation. At the baseline, the deformation is
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the least, whereas at the critical condition, the displacement is the most, with
almost 27 cm at 30 hours. Intermediate behavior is observed in deep mining
conditions, particularly because of the augmented overburden stress. The
analytical findings are very clear to state that the intensity of stress environ-
ments highly increases deformation of the ground, and hence displacement
monitoring plays a critical role in ground stability evaluation of mines.
Figure 18 shows the change of stress with time under baseline, high-
stress, deep mining, and critical state conditions. All the cases show increas-
ing stress with excavation time, with the critical state having the largest stress
of about 90 MPa at 30 hours. Deep mining conditions are characterized by
high levels of stress because of high levels of depth and overburden pressure,



62 Bin Jiang et al.

Plastic Zone - Step 1
_— F\\\

-
=)

Plastic Zone - Step 10

wn =)
=) =3

-
=]
Von Mises (MPa)

Von Mises (MPa)

w
=3

20
Y (m) X (m) Y (m) X (m)

(a) Plastic Zone Development at Initial (b) Plastic Zone Expansion at

Excavation Stage Intermediate Excavation Stage

Plastic Zone - Step 20

Von Mises (MPa)

Y (m) X (m)

(c) Plastic Zone Evolution at Advanced Excavation Stage
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whereas the conditions at the baseline are relatively stable. The findings prove
a powerful impact that mining conditions have on stress accumulation and the
possible development of instability.

Figure 19 shows the gradual development of the plastic zone surrounding
the excavation of the various stages of mining. In Figure 19(a), at the first
stage of excavation (Step 1), a plastic area is seen which is narrow at the
opening, meaning that there is a localized yielding caused by the initial
redistribution of stress. In Figure 19(b), the plastic zone at the intermediate
excavation stage (Step 10) is both a lateral and vertical extension, showing
stronger concentration of stress and progressive destruction in the adjacent
rock mass. In Figure 19(c), the advanced excavation stage (Step 20), an
extensive and continuous plastic zone can be observed which penetrates
further into the roof, floor and sidewalls, indicating a strong rock mass
yielding and subject to instability due to constant excavation-induced loading.



Study on the Spatiotemporal Evolution Mechanism of Mine Pressure 63

5 Discussion

The presented model of mine pressure prediction showed a high level of
accuracy in modeling the dynamics of rock pressure in different mining con-
ditions. The evolution of rock pressure cumulation is a gradual incremental
rise, with about 30 MPa at the first excavation stage and 750 MPa in the last
step of the excavation. This is also consistent with the FLAC3D calculated
values, and the differences are always less than 2%, which is a testimony
to the soundness of the model. Likewise, the error distribution analysis to
establish the minimal bias, i.e., the errors fall within the range of —3 MPa to
42 MPa, and the mean is near 0 MPa, is another analysis that proves to be
predictive of the model.

In addition, the analysis of the prediction and the actual rock pressure
in the case of prediction versus actual pressure shows that there is a high
correlation with the R? value of 0.97, which indicates that the prediction
framework is accurate at all levels of the mining process. The results of the
residual analysis reveal that there are few fluctuations and that the highest
residual is £2.5 MPa, and the RMSE is 0.964 MPa, which confirms that
the model is reliable and stable. These indicators confirm the idea that the
framework is very efficient in forecasting the mine pressure development and
can be reliably applied to the operation decision making in the gold mine
design and safety evaluation context.

The proposed FLAC3D framework is superior to conventional methods
such as FEM, DEM, or empirical models. It accurately simulates elastic-
plastic behavior of the whole mass with progressive excavation and spa-
tiotemporal resolution, manages large 3D domains quickly, and combines
geological zoning, in-situ stress, and excavation sequences for quantitative
prediction. Although FEM permits finer meshing and DEM shows discrete
failure in fractured zones, FLAC3D offers a mix of accuracy, efficiency,
and predictive power that is most appropriate for deep gold mine pressure
analysis.

Comparable trends have been reported in recent international FLAC3D-
based studies. Liu et al. [34] observed good agreement between numerical
simulations and physical model tests for deep gold mine ground pressure
evolution. Zhang et al. [35] reported progressive stress concentration dur-
ing multi-slice excavation, consistent with the stress redistribution observed
in the present study, while differences in stress magnitude are attributed
to variations in mining depth, geology, and excavation geometry. Xiao
et al. [36] combined FLAC3D simulations with machine learning and
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achieved prediction accuracies (R2 = 0.905 — 0.962) comparable to the
R2 = 0.97 obtained in the present study. These comparisons demonstrate that
the proposed framework is consistent with recent international research while
providing comprehensive spatiotemporal mine pressure prediction through
the integration of geological zoning and dynamic stress analysis.

6 Conclusion and Future Scope

This study presented a comprehensive numerical framework to investigate the
spatiotemporal evolution of mine pressure in gold mines using the FLAC3D
simulation tool. By analyzing principal stresses, Von Mises stress, displace-
ment, and plastic zone evolution across multiple mining scenarios, the study
demonstrated how excavation-induced changes in rock mass behavior evolve.
The results showed that higher stress environments significantly amplified
ground deformation, emphasizing the need for displacement monitoring to
ensure mine stability. The findings also highlighted the importance of early
identification of high-stress zones for risk mitigation in deep mining oper-
ations. The integration of geological zoning and dynamic stress analysis
has proven effective in accurately predicting mine pressure behavior and
identifying potential instability zones, providing valuable insights for mine
design and operational safety.

Future research could expand on this methodology by incorporating more
complex geological conditions, including fault zones and fractures, which
might influence stress redistribution patterns. Additionally, the framework
could be enhanced by integrating real-time monitoring data from in-situ
sensors to validate and calibrate the FLAC3D model during actual mining
operations. Further studies could explore the impact of various support sys-
tems on rock mass stability, aiming to optimize mining processes and improve
safety standards. Incorporating more advanced machine learning techniques
to predict mine pressure evolution based on historical data could also offer a
more robust, automated prediction system for future mining scenarios.

6.1 Limitations

* The study relies solely on FLAC3D numerical simulations and does
not include field monitoring or in-situ measurement data for direct
validation of the simulated stress, displacement, and plastic zone results.

* The rock mass is assumed to be homogeneous and isotropic within
each geological zone, which may not fully capture the effects of natural
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fractures, joints, groundwater, and time-dependent rock behavior in real
mining conditions.
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