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Abstract - The role of crown pillar between two main levels in
any underground metalliferrous mine plays a crucial role in
maintaining the stability of the extracted open stopes. Thus, the
dimension of the crown pillar left intact between the main levels
in the underground should be competent enough to withstand
the induced stresses developed as a result of extraction as well
as blasting, especially in large scale production methods such as
large-diameter blasthole stoping method. In addition to the
crown pillars in adjacent levels, a barrier crown pillar of
sufficient thickness is also left intact between the ultimate pit
bottom and the first level of extraction. These horizontal pillars
are of utmost importance as it is one of the deciding factors in
determining the stability of the existing underground structures
throughout the life of mine. The present study focuses on the
stability of a crown pillar left intact between two main levels
existing below an open pit mine operating simultaneously with
the underground mine. The targeted proposed production of the
underground mine is around 5 million tonne per annum. In this
paper, 135 finite element simulation models of the underground
mine have been analyzed considering elasto-plastic material
model. The simulation models are evaluated in terms of plastic
damage index with variation in rock mass properties, thickness
of crown pillar, stope-extraction sequence and mining depth.
Based on the results obtained, some useful conclusions have
been drawn considering multi-variate regression and k-cross
validation models.
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1. Introduction

Pillars are one of the most essential structural units
in any underground mines; which, not only ensure safety
to workings but also maximize the ore body extraction
[1]. The primary purpose of the natural pillars is to
provide overall safe access to working area and also
support the overlying strata and overburden stresses
between adjacent underground levels. The intact left-
over natural pillars in underground metalliferous mines
includes the rib pillar, sill pillar, crown pillar, barrier
pillar, shaft pillar, and post pillars. The crown pillars left
intact in the underground mines are the in-situ rock
existing between two main levels [2]. The role of crown
pillars is to maintain the stability around mined-out
excavations and also control the local displacements in
surrounding rock strata. Thus, the economic and safe



design of the pillar support system should fulfil the
structural stability of the mine [3]. The dimension of
crown pillar in metal mines plays an important role to
determine the stability of surrounding rock structures
especially when dealt with large-scale production
methods such as large diameter blasthole (LDBH)
stoping method. An under-designed pillar may not
sustain the induced stresses developed during stoping
and may lead to the collapse of both crown and rib
pillars. On the other hand, ores are locked in an over-
designed crown pillar and hence, it reduces the ore
recovery. Very few studies have been carried out so far
to determine and predict the thickness of the crown
pillar between two underground levels; however, the
study remains limited to surface/barrier crown pillar
with longitudinal method adopted for extraction of
stopes [4]. There exists no literature to determine and
predict the thickness of crown pillar considering
transverse method of stope extraction with thick
orebodies.

The present study focuses on stability of crown
pillars in an underground copper mine with transverse
method of stope extraction using three-dimensional
non-linear finite element (FE) analyses using ANSYS
Workbench Version 2023 [5]. Elasto-plastic constitutive
plasticity model has been used to simulate the rock mass
stress-strain response. The numerical model results are
evaluated in terms of a plastic damage index ‘77’ as
proposed by Mohanto and Deb [6]; where, 7 is the ratio
of effective plastic strain to effective total strain.
Parametric study is also carried out varying parameters
such as material properties, stope-extraction sequence,
thickness of crown pillar and mining depth for
determining the significance of independent variables
with 7. Multi-variate regression (MVR) and k-cross
validation models have also been developed considering
the mentioned input parameters. From this study, it is
quite apparent that the adopted methodology can be
applied in similar field conditions as there is hardly any
literature reported for crown pillar stability with
transverse method of stope extraction.

2. Three-dimensional Numerical Modelling of
the Underground Mine

Figure 1 shows the underground mine model
geometry below a surface mine, considered for this
study. Transverse method of stope extraction is carried
out owing to the thicker ore deposit, i.e., stope extraction
across the strike direction. The surrounding rock mass
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includes the orebody (OR) surrounded by waste rock
(WR). Five working levels have been considered for the
present study with level interval (LI) of 60 m for the first
level followed by level interval of 75 m for the
subsequent lower levels. In a particular level, two active
stopes are operating in each level to meet the production
target of the underground mine. A minimum thickness of
40 m surface crown pillar is maintained above the
extracted mined-out stopes; thereby, providing overall
stability and support to the underground structures. The
crown pillar extends throughout the entire stope length
from the hanging wall towards footwall side. It is
assumed that the all the stopes in a particular level are
backfilled before undergoing stope extraction in the
lower levels.

pit mine boundary

Figure 1. Three-dimensional underground mine model
considered for the study.

2. 1. Rock Mass Properties considered for the study
The borehole rock samples collected from the
Malanjkhand copper mine are tested in the laboratory of
[IT Kharagpur to determine their strength properties of
the intact rock. For incorporating the field conditions,
degree of disturbance (D) and geological strength index
(GSI) are used to determine the properties of rock mass.
To reduce the geo-mechanical properties of the intact
rock, RocData Version 4.0 [7] is used. Table 1 shows the
rock mass properties considered for the study; where
M1: weak rock mass, M2: moderate rock mass
representing field conditions and depicting average
value of strength values and GSI, and M3: strong rock
mass.
Table 1. Material Properties considered for the numerical

analyses.
Particulars M1 M2 M3
OR WR OR | WR | OR | WR
GSI 60 60 65 65 70 70




oom (MPa) | 7.9 | 128 [ 138 | 175 | 209 | 2338
En(GPa) | 52 | 88 | 85 | 111 | 11.8 | 135
dn(deg) | 513 | 55 | 547 | 564 | 575 | 57.8
cn(MPa) | 29 | 36 | 36 | 40 | 44 | 45

OR: Orebody, WR: Waste Rock, owm: Uniaxial compressive
strength of rock mass, Em: Modulus of elasticity of rock mass, ¢n:
Internal friction angle of rock mass

2. 2. Loading and Boundary Condition

A 40 m surface crown pillar is kept intact between
the first level stopes and ultimate pit bottom. The ground
level elevation for Malanjkhand mine is 580 mRL;
whereas, the vertical depth of the numerical model is
kept 640 m with 240 m of open pit mine depth from
surface, 40 m intact surface crown pillar and 360 m of
stoping for all levels including the thickness of crown
pillars. The maximum (ou) and minimum (on) values of
principal horizontal stress are determined for the
Malanjkhand copper mine as provided by given
equations below:

o, =[6.33+0.033 V,] MPa (1)
o, =[5.70+0.016 \/,] MPa )

where Vg is the vertical depth measured from the ground
level. These equations have been taken from the
Geotechnical report provided by Malanjkhand mine,
based on hydrofracturing test carried out for the mine
site.

The principal horizontal stresses calculated from
equations (1) and (2) are then applied onto the side faces
of underground mine model based on their depth;
whereas, the opposite faces are constricted in x and z
directions, respectively. To incorporate the in-situ
stresses, gravity loading is also applied in y-direction.

2. 3. Input Variables for Parametric Study

A parametric sensitivity study is carried out for
determining 7 based on the variation of the four
regressors, i.e.,, material ratio MR (3 variations: M1, M2
and M3), crown pillar ratio CPR (3 variations: 10 m (C1),
12 m (C2) and 15 m (C3)), stope sequence ratio SSR (3
variations: PRP (S1), PRSRP (S2) and PRSRSRP (S3);
where P: Primary stope, R: Rib pillar and S: Secondary
stope) and depth ratio DR (5 variations for 5 different
levels). A total of three different variations are
considered for the sequence of stope extraction for a
particular level, i.e.,, S1, S2 and S3. The nomenclature P
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refers to the primary stope which is first extracted;
whereas, R and S are the rib pillar and the secondary
stope which will be extracted at a later stage. The
schematic sketch of sequence of stope extraction S3 is
shown in Figure 5; where the extracted volume is
calculated by subtracting the volume of the vertical
intact pillar (between two primary stopes) from the total
volume. The total volume comprises the volume of the
vertical intact pillar with half the volume of extracted
primary stopes on either side. The stope sequence ratio
values for all the variations of crown pillar thickness and
LI are tabulated in Table 2. The last regressor considered
is the mining depth; five depth levels are studied to
evaluate the effect of depth of working on the crown
pillar stability of a particular level.

All the independent parameters considered are
made dimensionless as ratios to compare the simulation
results in a better way. The terms MR, CPR, SSR and DR
are defined as:

Mi

Material Ratio (MR) :M 3)
o (M2)

Crown Pillar Ratio (CPR) = % (4)

Extracted/Stope Volume (5)
Total Volume
Level depth from pit bottom DRi (m)

Last level depth from pit bottom DRj (m)

(6)

where i and j are the number of variations of that
particular parameter.
For depth ratio, i = 1-5 (C1), 6-10 (C2) and 11-15 (C3);
whereas, j =5 (C1), 10 (C2) and 15 (C3). Table 3 shows
the depth ratios for all variations of crown pillar
thickness. For crown pillar thickness variations, the
height of stope changes accordingly to constrain the LI of
60 m or 75 m in the respective levels. Therefore, a total
of 15 variations in DR are analyzed considering five
different depths of working.
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Figure 2. Stope sequence ratio (SSR) for S3 stope
sequence extraction.



Table 2. Stope sequence of extraction ratio considered for the

study.
Stoping C1 C2 C3
sequence | 60mLl | 75mLI | 60mLI | 75mLI | 60mLI | 75mLI
PRP 0426 | 0.443 | 0.423 | 0.442 | 0418 | 0.439
PRSRP 0.213 | 0.222 | 0.212 | 0.221 | 0.209 | 0.219
PRSRSRP | 0.142 | 0.148 | 0.141 | 0.147 | 0.139 | 0.146

3. Results and Discussions

The numerical simulation results are assessed
along pre-defined paths 1-5 as shown in Figure 1 in
terms of 7. For the present study, the constitutive model
considered is Drucker-Prager failure criterion. The
damage classification table given by Mohanto and Deb
[6] is used to analyze the extent of damage as a result of
stope extraction. The sign convention for compressive
stress is taken as negative; whereas, tensile stress is
considered as positive.

Table 3. DR values considered for the study.

DRa Ratio DRa Ratio DRa Ratio
DR1 0.122 DR6 0.122 DR11 0.123
DR2 0.297 DR7 0.295 DRR12 0.291
DR3 0.531 DR8 0.530 DR13 0.528
DR4 0.766 DR9 0.765 DR14 0.764
DR5 1.000 DR10 1.000 D15 1.000

wherea =iorj

3. 1. Effect of material ratio MR

Figures 3 (a - c¢) show the 7 contour plots after
third level stopes have been extracted for different
material ratio ‘MR’ values, keeping the other
independent variables fixed for each of the numerical
models. In this study, the crown pillar thickness is taken
as 12 m. From the contour plots, it is observed that the
damage in the crown pillar is higher for M1 material type
as compared with M2 and M3. The graphical plot of 7
along path 3 for different rock mass properties, i.e., M1,
M2 and M3 is shown in Figure 4. From the plot, it is
inferred that the maximum value of 7 varies between 0.4
and 0.5 for material M2 and M3 above the extracted
stopes in the crown pillar; which indicates that the
damage ranges from slight to moderate. However, the
maximum value of 7 is found to be around 0.6 for
material M1; thereby, signifying moderate damage. Thus,
yielding of the crown pillar just above the extracted
stopes may occur for material type M1, i.e., lower range
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of GSI. However, the condition improves with change in
material properties to M2 (moderate rock mass type)
and M3 (strong rock mass type). The average 7 value is
estimated considering different variations in each of the
individual input parameters. Figure 5 (a-c) show the
impact of parameter material ratio ‘MR’ on the average 77
value for different values of stope sequence ratio ‘SSR’
and mining depth ratio ‘DR’ considering 12 m crown
pillar thickness (CP2).
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Figure 3. Contour plots for 7 for material type (a) M1, (b) M2
and (c) M3.
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Figure 4. Graphical plots for n along pre-defined path 3 for
material type M1, M2 and M3 (S2 stoping sequence).

The simulation results indicate that the average
value of 7 drops linearly with an increase in material
ratio ‘MR’ values from 0.58 to 1.66 for different sequence

= ' SR =0.443 = DR=0122
< 08 = DR=0207
3 DR = 0531
2 06 L - DR = 0.766
S : " | = DR=1.000
£ 04 S . Linear (DR =0.122 )
a R - Linear (DR = 0.297)
-.% 0.2 . Linear (DR = 0.531)
g Linear (DR = 0.766)
0 T g T 1 - Linear (DR = 1.000)
0.0 0.5 1.0 15 2.0
(a) Material Ratio (MR)
14 _
= SR =0.222 = DR=0122
= » DR=0297
x 081 DR = 0.531
T° -
< 06 DR = 0.766
2 . = DR=1.000
E 041 S N - Linear (DR =0.122)
a - U Linear (DR =0.297)
£ 024 e : Linear (DR =0.531)
g Tem Linear (DR = 0.766)
0 T T T d Linear (DR = 1.000)
0.0 0.5 1.0 15 2.0
(b) Material Ratio (MR)
1 1
= SR =0.148 " DR=0122
< 08 | = DR=0297
§ DR = 0531
= 06 - DR = 0.766
=3 = DR=1.000
g 0.4 = u ) + Linear (DR = 0.122)
o . S Linear (DR = 0.297)
2 02 A u Linear (DR = 0.531)
5 T . Linear (DR = 0.766)
0 T ' " + . Linear (DR = 1.000)
0.0 0.5 1.0 1.5 2.0
(c) Material Ratio (MR)

of stope extraction. The similar trend is also observed for
different variation in crown pillar ratio ‘CPR’, stope
sequence ratio ‘SSR’ and mining depth ratio ‘DR’.
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Figure 5. Variation of average 7 values with change in MR for
(a) S1, (b) S2 and, (c) S3 sequence of extraction.

3. 2. Effect of crown pillar ratio CPR

Contour plots of 77 due to fourth level extraction
(material M2) for crown pillar thickness C1, C2 and C3
are shown in Figures 6 (a-c), respectively. From the
contour plots, it is evident that 7 value is higher and
prominent when the thickness of crown pillar is 10 m as
compared with C2 (12 m) and C3 (15 m) condition.
Figure 7 show the profile plot of 7 along the pre-defined
path 4 for different variations in thickness of crown
pillar, i.e.,, C1, C2 and C3. It can be observed that the
maximum value of 7 reaches up to 0.8 (high damage)
above the mined-out stope for 10 m thick crown pillar;
whereas, it varies in the range of 0.4 - 0.6 (moderate
damage) for 12 m and 15 m crown pillar thickness.

Figures 8 (a-c) show the relationship of plastic
damage index 7 as a function of crown pillar ratio ‘CPR’
for different material types, ie, M1, M2 and M3,
respectively. The simulation results show that the
average 77 values drop with increase in crown pillar ratio
‘CPR’ from C1 (10 m) to C3 (15 m) for different material
ratios ‘MR’ values. It can be attributed to the fact that
variation in crown pillar thickness results in high-stress
concentration in the crown pillar above the mined-out
stopes. Similar trends are observed for other variations
in material ratio ‘MR’, stope sequence ratio ‘SSR’ and
mining depth ratio ‘DR’.
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Figure 9. Contour plot of 7 for (a) S1, (b) S2 and (c) S3
sequence of extraction.
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79

redistribution of stresses.

rock mine.

with mining

Pa"‘% E; Path 2

3. 4. Effect of depth ratio DR

Mining depth plays a critical role in determining
the thickness of crown pillar in any underground hard
Rock mass is more prone to shear
yielding/failure at greater depths as the ratio of
horizontal stress ‘o, ’ to vertical stress ‘o, increases

\

\

The magnitude of the 7 is found to be maximum at
the mid-portion of the mined-out stope; however, it
reduces in the area above the intact rib pillar due to
It can be observed that the
maximum value of 77 above the extracted stope varies in
the range of 0.6 - 0.72 for different sequences of
extraction; thereby, indicating Class V damage (high
damage) of the rock strata. However, it should be noted
that artificial support such as rock and/or cable bolting
(practiced in underground mines) is not taken into
consideration in these modelling works.
backfilling of void stopes may improve the rock mass
condition by providing adequate confinement. The
average 7 values, however, increases with increase in
stope sequence ratio ‘SSR’ along the crown pillar length.

Variation of 7 with stope sequence ratio ‘SSR’
considering different mining depth ratios are shown in
Figures 11 (a-c) for material types M1, M2 and M3,
respectively. The simulation results indicate that the
average 7 value varies linearly with stope sequence ratio
‘SSR’ for different variations in material ratio ‘MR’, crown
pillar ratio ‘CPR’ and mining depth ratio ‘DR’, with values
ranging between 0.1 and 0.5. The other variations of
stope sequence ratios SSR with MR, CPR and DR also
show a similar trend.
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Figure 12. Contour plots for 7 for (a) second, (b) third and (c)
fourth level of extraction.

A higher volume of crown pillar is generally left
intact as waste to counteract the high stress regimes at
greater depths. Contour plots of plastic damage index 7
for PRP sequence of extraction and material type M1
with CPR value of unity are shown in Figures 12 (a—c) for
stope extraction carried out in second, third and fourth
level, respectively. As expected, the extent of damage in
the crown pillar increases at a deeper level of extraction.
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Figure 13. Plots for plastic damage index 7 along pre-defined
paths at different mining depths.

Figure 13 shows the r plot for material M1 and
crown pillar C2 along the pre-defined paths 1-5 for each
of the five levels of extraction. It is observed that the 7
value increases with the mining depth from the surface
along the crown pillar for the paths 1-5 with PRP stope
extraction sequence. The maximum value of 77 above the
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mined-out stopes are found to be around 0.57, 0.62 and
0.75 due to stope extraction in second, third and fifth
level, respectively. The 7 value is found to be the
maximum at the mid-portion of the extracted stopes;
however, the value decreases considerably in areas
above the intact rib pillar. Similar trends are observed
for other variations in MR, CPR and SSR, with 7 values
increasing with depth of working.
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Figure 14. Variation of average n with DR for (a) PRP, (b)
PRSRP and (c) PRSRSRP sequence of extraction.

Figures 14 (a - c) show the relationship of plastic
damage index 77as a function of DR (CPR = 1.25) for stope
sequence ratio P-R-P, P-R-S-R-P and P-R-S-R-S-R-P
sequence of extraction, respectively. The results indicate
that the average value of plastic damage index (7)
increases with an increase in DR for different variations
of SSR. A quadratic relationship is found to exist between
n and DR, based on the results of the numerical
simulations. Similar results are obtained for other
variations of MR, CPR and SSR.

4. Multi-variate regression model for crown

pillar stability
Based on the simulation results obtained, a multi-
variate regression (MVR) model is developed

considering all the numerical simulation data generated
from finite element models. Considering the stoping and
backfilling operations carried out in underground
metalliferrous mine, it is quite evident that the
parameters stope sequence ratio ‘SSR’, material ratio
‘MR’ and mining depth ratio ‘DR’ have a significant
impact on the crown pillar stability. The parameter
crown pillar ratio ‘CPR’ also has influence on dependent
variable 7 but it shows minimum effect as compared
with other independent variables. The regression
analysis results suggest that there exist linear variations
of » with MR, CPR and SSR; whereas, a quadratic
relationship occur for the parameter DR. The regression
model of 7 for crown pillar stability is given as:

5 =— 0.204+2.159(SSR) - 0.081(MR)

7
~0.053(CPR)+0.419(DR)—0.159(DR )’ 7)

Figure 15 shows the variability of the predicted 7
obtained from regression analysis and the observed 7
from FEM analysis. The R? for the regression analysis of
the crown pillar stability between observed and
predicted 7 is found to be 0.94 with F-statistic value of
434.3. The model is found to be significant considering
95% confidence interval. The maximum deviation of
magnitude of the observed 7 value is found to be around
0.15 higher than the obtained regression model.
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Figure 15. Comparison of observed 7 with predicted 7.

Table 4. t-statistic values of the MVR model.

Dependent variables | t-statistic value (MVR)
SSR 28.13
DR 9.74
MR -17.90
CPR -9.83
DR? -3.28

Table 4 shows the significance of each of the input
variables, i.e., SSR, MR, CPR and DR, based on the t-
statistic values obtained from the multi-variate
regression analysis. From the table, it is quite evident
that the parameters DR and SSR have a strong positive
impact on plastic damage index ‘77’ followed by the
negative impact of material ratio ‘MR’ and crown pillar
ratio ‘CPR’.

5. k-cross validation technique for crown pillar
stability

The present study focuses on the ANN analysis for
the determination of any non-linear relationship
between the predicted and the predictor variables. For
this, k-fold cross validation technique has been
implemented as it holds good when number of
observations = 100 with a reasonable low bias and low
variability [8]. In this study, the 135 data sets obtained
from the numerical simulation are divided into 9 folds so
as to obtain an equal number of data sets in each fold, i.e.,
15 data sets. The number of neurons in the hidden layer
is calculated with variation starting from 1 up to (21 + 1),
where I is the number of input variables [9]. The upper
limit of hidden layer neurons is (2] + 1). Hyperbolic
tangent function is used as the activation function for the
neurons in the hidden layer and output layer. A total of
18 different cases (9 each for 7 and DC) are analyzed for



the crown pillar stability, with one hidden layer in the
ANN model.
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Figure 16. Normalized importance of variables for ANN
model.

The performance of the neural network is
evaluated for each ANN model during the training and
testing processes until there was no significant
improvement. The relative error of the testing set is used
to determine the overall performance of each ANN
model. The model with 8 neurons (hidden layer) is found
to have the least relative error (0.04567) and moderate
variability; thus, considered to be the best amongst the 9
models. Figure 16 shows the importance and normalized
importance of independent variables obtained from the
ANN model for crown pillar stability; where, normalized
importance is defined as the ratio of importance value to
the highest importance value, expressed in percentage.
Itis inferred from the table that depth ratio ‘DR’ (100 %)
and stope sequence ratio ‘SSR’ (84 %) have the greatest
effect on the dependent variable 7 and damage class DC
for the crown pillar stability, followed by parameters
material ratio MR (52.5 %) and crown pillar ratio CPR
(29.9 %), respectively. For the categorical dependent
variable, i.e., damage class DC, the best artificial neural
network model is found with 7 neurons in the hidden
layer as shown in Figure 17. A classification (confusion)
matrix is also evaluated for the categorical dependent
variable, i.e., damage class DC. The percentage of correct
predictions for the damage class ‘DC’ is found to be
93.3% as shown in Table 5.

Synaptic weight >0
= Synaptic weight <0

Figure 17. ANN model for damage class DC with least relative
error (7 neurons in the hidden layer).

Table 5. Classification matrix for categorical dependent
variable DC of the ANN model.

Predicted

Observed Percent Correct

R Ol B A

DCI 23 2 0 0 92.0%

DCII 2 72 1 0 96.0%

DC Il 0 4 27 0 87.1%

DC IV 0 0 0 4 100.0%
Overall Percent | 18.52 | 57.78 | 20.74 2.96 93.3%

6. Conclusions

Maintaining the stability of crown pillars at
different levels in an underground metal mine is one of
the most critical issues faced by mining engineers when
dealt with large scale production scenario. Three-
dimensional FE analyses has been performed in this
study to simulate the stability of crown pillar with
transverse method of stope extraction in an
underground mine. The numerical simulation results
obtained are analyzed in terms of plastic damage index
n. Parametric sensitivity studies have also been carried
out to develop a multi-variate regression (MVR) and k-
cross validation models for prediction of 7, based on the
variations in material properties, thickness of crown
pillar, stope extraction sequence and mining depth. This
study has led to the inference that stoping sequence has



the strongest influence on plastic damage index,
followed by mining depth, material properties and
thickness of crown pillar. Thus, this methodology can be
adopted can be applied to other applications of
underground mine stability considering different
variations of mentioned parameters and also including
variations of other parameters including blasting effect,
width of rib pillar and stope height.
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