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Due to the deepening of open-pit mines and associated environmental concerns, the current
period has been termed the 'return to underground mining era'. One of the key factors in
transitioning from open-pit to underground mining is designing crown pillars based on
economic and technical considerations. Due to the uncertainties surrounding this research
topic, the present study uses three-dimensional numerical simulations to investigate the
interactive effects of geometric and geomechanical parameters on the behaviour of crown
pillars during the transition to underground mining. Pillar behaviour was evaluated based
on displacement magnitude and the volume of the plastic zone of the pillar. The results of
the numerical simulation showed that geometric parameters play a much more significant
role than rock mechanical properties. Of the geometric parameters, the pillar dimension
index (the product of the pillar's thickness and span) and the crown pillar's span play a
decisive role in controlling pillar behaviour. From a geomechanical perspective, within the
range of variations considered in this research, the rock elastic modulus was identified as
the parameter most influential on crown pillar behaviour. This parameter controls crown
pillar behaviour at a critical value of 7 GPa. Crown pillar span was identified as the second
most influential parameter and can predict crown pillar displacement with a correlation
coefficient of 0.83. The pillar dimension index can estimate the plastic zone volume in the
pillar with 20% accuracy.

Introduction

The optimal design of the crown pillar in the transition
from open-pit to underground mining is one of the key
issues in deep mining operations. Previous studies on
crown pillar design can generally be classified into
three categories: numerical, analytical, and empirical.
The inherent uncertainties and the need to balance
safety and economic considerations in crown pillar
design highlight the necessity for further research in
this area While analytical methods are useful in the
early stages due to their simplicity and speed, they
cannot account for nonlinear rock behaviour or three-
dimensional boundary conditions resulting from in-
situ stresses and geometry. Similarly, empirical
methods based on databases and data analysis are
limited by the scope of available data, raising
questions about their application beyond this scope.
To overcome these limitations, numerical techniques
have been developed that allow for more accurate
modeling of geomechanical conditions and
identification of failure mechanisms. Despite
significant advances in crown pillar design, a review
of existing research indicates that a comprehensive and
systematic study examining the combined effects of

geometric and geomechanical parameters on crown
pillar stability is still lacking. Such a study could
contribute to the establishment of a more complete
framework for the optimal design of crown pillars and
the reduction of existing uncertainties. In this
research, the geometric and geomechanical parameters
affecting crown pillar stability are identified, and the
necessary experiments to evaluate the influence of
these parameters on crown pillar stability are designed
using the Taguchi method and analyzed through three-
dimensional numerical simulations.

Materials and Methods
Identification of Influential
Taguchi Test Design

The parameters affecting the dimensions of the crown
pillar in the transition from open-pit to underground
mining can be categorized into two main classes:
geometric parameters and geomechanical parameters.
In the present study, the well-established Mohr—
Coulomb failure criterion was adopted to assess rock
mass behavior. The geomechanical parameters
considered include the internal friction angle,
cohesion, Poisson’s ratio, and modulus of
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deformation. Among the geometric parameters
influencing crown pillar dimensions are mining depth,
slope angle of the pit wall, horizontal-to-vertical stress
ratio, and crown pillar geometry. In this research, the
effects of tectonic stresses were neglected, and the
magnitudes of in-situ stresses were determined
through numerical simulation, considering the
gravitational acceleration, density of the host rocks,
and pit geometry. From the geometric parameters of
the open-pit, depth and slope angle were selected as
influential factors, while thickness and width of the
crown pillar were treated as variable parameters. The
underground ore recovery rate was assumed constant
at 60%. A total of 27 parameter combinations were
analysed using the Taguchi experimental design
technique to evaluate the effects of geometric and
geomechanical parameters on crown pillar stability..

Numerical Model and Boundary Conditions

The finite difference method was employed for the
numerical simulations using the FLAC 3D software.
Due to the geometry of the open-pit mine and the
underground stopes, plane strain conditions were not
applicable and a three-dimensional simulation was
therefore necessary. Due to hardware limitations, the
number of degrees of freedom and computational time
were reduced by utilising the symmetry of the open-pit
and modelling only one-quarter of the pit. The mesh
size was selected based on a sensitivity analysis to
balance model accuracy and solution time. The model
dimensions were chosen so that the placement of the
boundaries would not affect the stress and
displacement histories. The open pit was defined as
having dimensions of 900 x 900 x 310 m, while the
underground mine domain measured 900 x 900 x 240
m. This resulted in a total model size of a rectangular
cuboid measuring 900 m in length, 900 m in width and
550 m in height. Displacement boundary conditions
were applied to all model boundaries. To prevent
shock loading and incorrect heave at the pit floor, the
excavation of the pit was simulated progressively to
replicate the actual stepwise mining sequence.

Results and Discussion

The influence of geometric and geomechanical
parameters on the behaviour of crown pillars was
evaluated based on two primary criteria: the volume of
plastic zones and the displacements generated in the
crown pillars and mining stopes. Firstly, the
relationships between the input parameters and the
output responses were analysed using the Pearson
correlation coefficient. Of the geomechanical
parameters, Young’s modulus and cohesion were
found to have the greatest influence on the output
variables, while Poisson’s ratio and the internal
friction angle were found to have the least effect. The
most influential geometric parameter was found to be

the Th*Sp factor, followed by the crown pillar span.
The effects of pit slope angle and mining depth on the
crown pillar were comparable to those of Young’s
modulus. Overall, geometric parameters were found to
exert a greater influence on crown pillar behaviour
than geomechanical parameters within the assumed
range of variation. A linear relationship was found
between the Th*Sp parameter and the plastic zone
volume of the crown pillar, enabling estimation of the
plastic zone volume with an average accuracy of
+20%. However, there was a tendency to overestimate
higher plastic zone values. Displacement generated in
both underground and open-pit structures is recognised
as a fundamental factor in stability assessment due to
its ease of measurement and intuitive nature. The high
correlation between the crown pillar span and the
resulting displacement enables relatively accurate
estimation of crown pillar displacement based on its
geometry. This estimated displacement can be used to
evaluate the stability of the crown pillar, alongside
allowable displacements derived from geomechanical
parameters.Based on the calculated correlation
coefficients, among geomechanical parameters, only
the modulus of deformation had a significant effect on
the target variables. The highest correlation was
observed with the percentage of plastic zone, which
decreased substantially when the modulus increased
from 5 to 7 GPa. Increasing the modulus further from
7 to 9 GPa did not significantly affect the plastic zone
volume; therefore, a modulus of 7 GPa can be
considered as a critical value within the range of
variations considered in this study. Both crown pillar
subsidence, plastic zone volume, and roof
displacements in the stopes exhibited a decreasing
trend with increasing modulus of deformation.
However, due to the relatively low correlation
coefficients, these observed trends are not considered
statistically robust at a high confidence level.

Conclusions

This study investigated the influence of geometric and
geomechanical parameters on the behaviour of the
crown pillar during the transition from open-pit to
underground  mining  using  three-dimensional
numerical simulations. The results showed that
geometric parameters had a greater impact on crown
pillar behaviour than geomechanical parameters. The
geometric parameters, ranked by their effect on crown
pillar behaviour, are as follows: crown pillar
dimensions (Th*Sp), crown pillar span, pit slope
angle, mining depth and pillar thickness. Of these,
pillar thickness had a lesser influence than crown pillar
span. Of the geomechanical parameters considered,
only the modulus of deformation showed a significant
correlation with crown pillar displacement and plastic
zone volume. No meaningful relationships were
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observed between the other geomechanical parameters
and crown pillar behaviour. Within the range of
geomechanical parameters considered, a modulus of 7
GPa was identified as a critical value, with the
influence of the deformation modulus on crown pillar
behaviour increasing rapidly as the modulus decreased
below this critical value. The crown pillar size
parameter, defined as the product of thickness and
span (Th*Sp), exhibited a high correlation with crown
pillar displacement and could accurately predict

displacement values. A linear relationship between
this parameter and plastic zone volume enabled
estimation with an accuracy of approximately +20%,
demonstrating a tendency to overestimate plastic zone
values conservatively. The crown pillar span was
identified as the second most influential parameter,
and its linear relationship with plastic zone volume
enabled evaluation with a correlation coefficient of
0.85, demonstrating its significant impact on crown
pillar stability.
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70-90 100-450 135-310 35-45

C: Cohesion, Phi: Internal friction angle, E: Rock mass modulus, Nu: Poisson ratio, T: Crown pillar thickness, S: Crown
pillar span, H: Open pit depth, Beta: Open pit slope
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Table 2. Geometric and geomechanical parameters used in each combination based on the Taguch experimental design method

No C Phi E NU T H Beta S
) (MPa) (Dergree) (GPa) (m) (m) (Degree) (m)
1 2 35 5 0.35 70 135 35 350
2 2 35 7 0.35 80 135 35 222
3 2 35 9 0.35 90 135 35 100
4 4 45 5 0.25 70 225 35 350
5 4 45 7 0.25 80 225 35 222
6 4 45 9 0.25 90 225 35 100
7 6 55 5 0.2 70 310 35 350
8 6 55 7 0.2 80 310 35 222
9 6 55 9 0.2 90 310 35 100
10 2 55 5 0.25 70 135 45 408
11 2 55 7 0.25 80 135 45 318
12 2 55 9 0.25 90 135 45 233
13 4 35 5 0.2 70 225 45 408
14 4 35 7 0.2 80 225 45 318
15 4 35 9 0.2 90 225 45 233
16 6 45 5 0.35 70 310 45 408
17 6 45 7 0.35 80 310 45 318
18 6 45 9 0.35 90 310 45 233
19 2 45 5 0.2 70 135 55 449
20 2 45 7 0.2 80 135 55 386
21 2 45 9 0.2 90 135 55 326
22 4 55 5 0.35 70 225 55 449
23 4 55 7 0.35 80 225 55 386
24 4 55 9 0.35 90 225 55 326
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Fig. 1. The sequence of model geometry generation, a: Internal pit mesh generation using Radtunnel mesh, b: Conversion of
rectangular mesh to cylindrical mesh, c: External pit mesh generation, d: Conversion of external pit mesh to cylindrical

geometry, e: Integration of external and internal pit meshes, f: Addition of underground mining section to the model geometry
and applying boundary condition
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Fig. 2. a: Pit geometry, b: Generation of induced stress due to mining and underground extraction
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Fig. 4. The influence of geomechanical and geometric parameters of the crown pillar on the target parameters based on the root

mean square of the correlation value
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Fig. 5. The relation between Th*Sp factor and the volume of plastic zone in crown pillar
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bld Gl S8 eis Jose Sloe @ Wlgioe oo ol 5o
Sgpinn jui U 688 oloals e 10 W, e i 095
O S8 i Jgde 5l oy 236 el (raegs lgie 4 o5 2l
23 S 05 o o7l 8 S e S o0 (8
Joe ial3dl b gl o515 Gt slrals 5 a5
St o pS & a2 b (Jy wladls g5 g, JS8 05
b lebsl a5l oads sanlie wig, o0t Jols sl bans

Y USE o ead ool Gl S oo 4 azgi b
Syl 2 IS8y Jodo 25U s (Selesss slo el
u.a).‘.u..u Gl 00 oolo u,u.oLo.l A ‘_SLDJ.iu 309 vy RV
ools Lolais! 0e5 4y Sadly (95 Sy 1) (Ko g0
o e JEALISS VB0 ) S5 005 Jpa ial38 L o ool
Jate ol 8l el oads Sadly (yg duoyo alaxde B ialS
el @l SLLaodls 95 ial38l 5 6wl JELWLEKS ALY

oo L) Sl i saials jo JELLIES Y S 05 Jgoe 1)

L l055 53
10000 y = 18.422245x + -488.200233
R? = 0.856698

E
~ B0OOO
-]
E
=
s
)
‘|;|‘ 6000
-}
a
153
=
z
@ 4000
=]
j
g
L=

2000

100 150 200 250

@ Actual Data
= Linear Trend

300 350 400 450

Pillar Span (m)

S Szdly (y9) w9 26 545 sailas e e alal, Y S

Fig. 7. The relation between crown pillar span and the volume of plastic zone in pillar
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