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Abstract

Pillar stability continues to be a significant concern in multiple-level mining conditions,
particularly for deep mines when pillars are not stacked or the thickness of interburden between
mining levels is thin. The National Institute for Occupational Safety and Health (NIOSH) is
currently conducting research to investigate the stability of pillars in multiple-level limestone
mines. In this study, FLAC3D models were created to investigate the effect of interburden
thickness, the degree of pillar offset between mining levels, and in situ stress conditions on
pillar stability at various depths of cover. The FLAC3D models were validated through in situ
monitoring that was conducted at a multiple-level stone mine. The critical interburden thickness
required to minimize the interaction between the mining levels on top-level pillar stability was
explored, where the top level mine was developed first followed by the bottom level mine.

The model results showed that there is an interaction between numerous factors that control the
stability of pillars in multiple-level conditions. A combination of these factors may lead to various
degrees of pillar instabilities. The highest degree of local pillar instability occurred when pillar
overlap ranges between 10 and 70%. On the contrary, the highest degree of stability occurs when
the pillars are stacked, the underlying assumption is that the interburden between mining levels

is elastic (never fails). Generally, for depths of cover investigated in this study, the stability of
top-level pillars shallower than 100 m (328 ft) or with interburden thicknesses greater than 1.33
times the roof span—16 m (52.4 ft) in this study—does not appear significantly impacted by pillar
offset. The results of this study improve understanding of multiple-level interactions and advances
the ultimate goal of reducing the risk of pillar instability in underground stone mines.
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1 Introduction

Pillar stability has always been one of the foremost concerns of ground control in
underground mining. In underground stone mining, understanding pillar stability was the
focus of recent research by the National Institute for Occupational Safety and Health
(NIOSH) and led to the creation of recommendations and a pillar design software (S-Pillar)
[2, 3, 14]. These recommendations were based on an empirical study that only included
single-level mines. The general applicability of the previous research to multiple-level
mines is not fully understood and is the subject of a current NIOSH investigation on

stone pillar design in challenging conditions. The S-Pillar software has been applied to
multiple-level stone mines in the past. However, it would be unwise to use the single-level
recommendations without considering potential multiple-level interactions accompanied by
a more complete engineering analysis and numerical modeling evaluation [16] and [15].
Multiple-level interactions can manifest as stress changes within the interburden or pillars,
which are undesirable if they lead to the failure of either of these structures. When possible,
it may be wise to consider the local effects of stress concentrations transferred through
levels in the larger mine design. Newman et al. [17] used the LaModel software program to
highlight areas of elevated stress imparted from an overlying level and designed the mine
in such a way as to minimize the exposure of haul routes and life-of-quarry headings to

the increased ground hazard. Rashed and Slaker [18] investigated the interburden stability
in underground stone mines using FLAC3D numerical models and found that there is

an interaction between multiple factors that control the stability of the interburden. They
demonstrated the impact that even small pillar offsets can have on interburden stability in
underground stone mines when the interburden thickness is relatively small.

There is a limited body of research for multiple-level underground limestone research, while
there is an abundance of research into room-and-pillar multiple-level mining in coal mining
[5, 8, 12]. Limestone mines tend to have larger roof spans, larger pillar height, smaller and
stronger pillars, less geologic stratification, pillars are usually benched, and do not retreat
mine, making the interactions between levels distinctly different than what has been studied
previously in coal mines. When discussing multiple-level pillar stability, parameters such as
width-to-height ratio and depth are still crucially important, but the interburden thickness
and pillar offset must additionally be considered. Pillar offset, which is the degree to which
pillars are not columnized or stacked, can occur inadvertently due to blasting problems,
surveying errors, or rib failures, and can occur intentionally by mining above or below
workings with a geometry that is impossible or unreasonable to match. Larger interburden
thicknesses are likely to reduce the impact of pillar offsetting, and the effect of increasing
or decreasing interburden thickness will be explored in this paper. Interburden competency
is also important, and typically most influenced by thickness and strength, but it is not the
focus of this paper.

Stone pillar stability can be influenced greatly by the occurrence of geological
discontinuities [9]. Also, weak bands in a stone pillar can significantly reduce its strength,
as these bands induce tension in the stronger rock slabs [4]. Instabilities driven by
discontinuities or weak bands are not considered in this study. Only stone pillar instability
due to overloading is investigated because the influence of both geological discontinuities
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and weak bands are highly variable and site specific. Moreover, the main purpose of

this work is to better understand the response of a stone pillar to multiple-level mining
conditions so it can be applied to situations where the impact of discontinuities or weak
bands are either well understood or insignificant. The actual jointed rock mass in this study
was replaced with a homogenous isotropic continuum model of equivalent properties. The
underlying assumption of the continuum rock mass model used in this study is that rock
mass behavior is not dominantly controlled by a single joint set, i.e., all joint sets are equally
important. Designing stable mine workings requires a careful consideration of more than just
pillar stability, but the authors believe that by making some widely applicable assumptions,
there are some general trends that can be observed in pillar performance subjected to
multiple-level interactions. In this paper, the authors assume a stable interburden, a stable
roof span, and pillars which would be expected to remain stable in a single-level mine
layout. The intent of this study is to provide some insight into how stone pillars can be
affected by undermining and considerations for ensuring stable pillar design.

2 Study Parameters

In this study, FLAC3D numerical models were created to understand the impact of
numerous parameters on pillar stability in two-level underground stone mines. The modeled
pillars were assumed in a flat-lying deposit. The modeled pillars are equal-sized pillars of

a square cross-sectional area of 12 m (39.4 ft) x 12 m (39.4 ft), a height of 8 m (26.2 ft),
and a width-to-height ratio of 1.5. The headings and the crosscuts are 12 m (39.4 ft). The in
situ stress field was varied to account for both low and high in situ stress fields encountered
in the USA, where the horizontal/vertical stress ratio (4-ratio) is 0.3 and 3.0. The depth

of cover ranges from 100 m (328 ft) to 400 m (1,312 ft); this range covers most of the
underground stone mines in the USA. The interburden thickness ranges from 4.0 m (13.1
ft) to 32.0 m (104.9 ft). The lowest interburden thickness evaluated for this study, 4 m (13.1
ft), is not common in underground stone mines in the USA. However, it has been considered
in this study to show the potential detrimental effects of an extremely thin interburden.

The percentage of pillar overlap between the mining levels ranges from 100 to 0%. A
100% pillar overlap refers to pillars that are situated on top of one another, i.e., perfectly
columnized/stacked as shown in Fig. 1a, while a 0% overlap refers to a situation where

a top-level pillar is completely overlying an opening, as shown in Fig. 1b. This definition

of overlap percentages applies strictly to situations where pillar width is equal to opening
width, and as a result, caution should be used when interpreting this for other designs.

Pillar overlap is given as the area of the top-level pillar that is directly overlying a bottom-
level pillar to capture a complete picture of the effect of pillar overlap on pillar stability.
The bottom-level pillars were offset either in the x direction only or in both the xand y
directions. When pillars are offset in xand y directions, the offset distance is the same for
both directions, so an offset of 1 m in the x direction does not result in the same overlap
percent as an offset of 1 m in both the xand y directions. Various pillar overlaps were
generated by offsetting the lower-level pillars in the x direction only or in the xand y
directions with respect to the upper-level pillars.
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Table 1 summarizes the parameters used in the FLAC3D models and the values for each
parameter. Numerous combinations of the study parameters were generated to determine
when the interaction between the mining levels occurs and how significant the impact of
these parameters could be on pillar stability.

3 Laboratory Test Results for Limestone Specimen

The relationship between the strength of samples that can be tested in the laboratory and
the strength of the rock mass is particularly important in determining design strength values
for stability analysis. Mechanical properties for limestone material used in this study are
based on tests conducted and recently collected from a multiple-level limestone mine in
the Monteagle Limestone. Eight cylindrical limestone specimens were tested under the
conventional triaxial loading conditions to obtain the intact strength and the Hoek—Brown
mand s parameters. The ASTM D 7012-04 (Methods C and D) and ASTM D 4543—

04 specifications were followed for specimen preparation and testing [1]. The minimum
confining pressure was 5.0 MPa (725 psi), and the maximum confining pressure was

25.0 MPa (3,625 psi). Table 2 summarizes the test results for the intact properties of the
limestone specimens used in this paper. The laboratory test results were used as an input
for the Hoek—Brown material model used in the FLAC3D numerical models. The Young’s
modulus from the laboratory test results was scaled down to obtain the rock mass modulus

[71.

It is important to consider variable mechanical properties—strength and deformability—for
limestone material, which is not considered in this paper. This is why the model results

are illustrative and are used to raise awareness more than they are to be used for a design
purpose.

4 FLAC3D Model Setup

Numerical modeling is a useful tool to investigate local pillar instabilities due to pillar

offset between mining levels at various interburden thicknesses, depths, and in situ stress
conditions. Numerical models were created using FLAC3D Version 7.0 [10]. The study
pillar in the FLAC3D models is located in the middle of a 9 x 9 array of pillars. The
Hoek-Brown criterion and the Geological Strength Index (GSI) have been used to estimate
the rock mass properties, such that the generalized Hoek—Brown Failure criterion was
selected to model the peak strength of pillars/elements. A strain softening material model

is incorporated when the limestone material was loaded beyond its peak strength. The Hoek—
Brown failure criterion in principal stress format is shown in Eq. 1 [6].

o, a
o, =05+ 66,»[m,,— + s] 1)

ci

where o;is the UCS of limestone material, /1 is a reduced value of the material constant
m;given by Eq. 2:
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The Geological Strength Index (GSI) was selected to implicitly replicate pre-existing rock
mass joints in limestone pillars. A peak GSI of 80 was selected to represent a very good rock
mass quality and zero disturbance factor was assumed due to blasting in this study. Using the
peak GSI and the D, other Hoek—Brown constants (sand &) can be calculated from Eqgs. 3
and 4.

GSI - 100
S=eXP| 793D ®

a=05+—|le 15 —e 3 Q]

GSI 20]

The softening behavior for limestone material with the plastic shear strain was modeled by
varying the GSI from a peak value of 80 to a final value of 10. The Hoek—-Brown constants
(m, s, and &) should change accordingly. The rock mass modulus for the modeled limestone
was estimated from Eq. 5 [7], where £,,;; and £;are the rock mass modulus and intact rock
modulus, respectively.

D
1-7
E, = E|0.02 +

60+ 150—0s1] ®)

1+exp[ m

The bottom of the FLAC3D model is fixed, while the side boundaries are roller supported to
allow only vertical movement. The FLAC3D models were solved in five stages: (1) geostatic
stage, in which the pre-mining in situ stresses are initialized, (2) development stage for

the top-level mine, in which all headings and crosscuts are excavated in the top level, (3)
development stage for the bottom-level mine, in which all headings and crosscuts are fully
developed (not partially developed), (4) the material model for top and bottom level pillars
was switched from elastic to nonlinear to minimize the dynamic effect generated from
mining. Hence, the yield pattern of the study pillar can be explored, and (5) a displacement
load was applied on the top of the model to fail the study pillar to obtain its ultimate
strength.

5 FLAC3D Model Calibration and Validation

The Hoek—Brown material model with the strain-softening behavior explained in the
previous section was used to estimate the peak strength of a single pillar of a width-to-
height ratio equal to 1.5. The peak strength from the FLAC3D model was compared to the
pillar strength calculated from an empirical pillar strength equation proposed by Lunder
and Pakalnis [11]. The predicted strength from Lunder and Pakalnis was about 58 MPa,
while the predicted strength from the FLAC3D model was about 60 MPa. Additionally,
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the FLAC3D material model has been compared to the instrumentation results of a multiple-
level stone mine called “Mine A” which is located in Tennessee. The depth of cover for

this mine ranges from 10- to 245-m (32.8 to 803.6-ft). This mine extracts the Monteagle
Limestone which is commonly oolitic fine to coarse grained and white to light gray in color
[19]. The upper level of the mine is a massive limestone that contains two joint sets dipping
at N5E and N56W. Jointing in lower level is more prominent compared to the upper level
which causes rib stability issues [19].

The pillar size at upper and lower-level mines is about 13.7 by 13.7 m (44.9 by 44.9 ft). The
opening width in both levels is about 15.2 m (49.9 ft). The mining height in both levels is
about 9.1 m (29.8 ft). The interburden thickens is relatively thin especially when compared
to the excavation width, it ranges from 6 to 8 m (19.6 to 26.2 ft). The upper and lower-level
pillars are columnized. Planned dimensions may deviate from mined dimensions, and as a
result, pillar offsets of 1 to 2 m (~ 3.2 to 6.5 ft) from the upper level to the lower level are
common. The layout of the top and bottom-level mines overlain on each other is shown in
Fig. 2. The Rhino 6 software [13] was used to generate the mesh for the mine geometry,
which was exported to the FLAC3D to conduct a stress analysis. P1 and P2 are two pillars
that were instrumented with vibrating wire stress meters (VWSM). The locations of these
stress meters are marked with black circles as shown in Fig. 2b. P1 has VWSML1, while

P2 has VWSMZ2. The element size of the instrumented pillar is 0.25 m (~ 0.8 ft). The
interburden thickness between the upper and the lower mines used in the model is 8 m (26.2
ft).

The vertical stress distribution was investigated at profiles A-A and B-B for two loading
stages: step 2 represents a full development of the top-level mine and step 3 represents a
partially developed bottom-level mine as shown in Fig. 2. The black circle refers to the
stress changes at the VWSMs due to undermining (step 3). In step 2, the induced vertical
stress is almost similar at the two sides of the instrumented pillars, P1 and P2, and any
difference in the vertical stress can be attributed to differences in room width, pillar shape,
and overburden depth. The VWSM in P2-pillar is closer to the floor resulting in a vertical
stress slightly higher than that in P1-pillar. The extraction ratio for the top-level mine ranges
from 80 to 85% based on the layout shown in Fig. 2, so the average pillar stress for a 119-m
(390.3-ft) depth of cover based on the tributary area method would range from 15 to 20 MPa
(2,175 to 2,900 psi). This stress is significantly less than the rock mass strength of limestone.

Although the overburden depth at the study site is relatively shallow, 119 m (390.3 ft),

an 8 m (26.2 ft) of interburden thickness between the two mining levels is not enough to
completely isolate the two levels. However, the stress transfer is relatively small. In step

3, the side of the upper-level pillar closer to the lower-level mined-out area experienced
either stress relief or less stress concentration compared to the other side of the pillar, which
is closer to the unmined/solid area. The reason for this behavior is that the side of the
upper-level pillar that is closer to the lower-level mined-out area experienced less constraint
and more displacement compared to the other side closer to the unmined area.

Based on instrumentation results, the stress change at VWSMSs ranged from 0.40 to 0.70
MPa (58 to 101 psi), while the FLAC3D model predicted a stress change at the two stress
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meters ranging from 1 to 2 MPa. Hence, the model matches relatively well the stress change
at the stress meters (Fig. 3).

Influence of Pillar Offset on Stress Distributions in the Study Pillar

The FLAC3D numerical model shown in Fig. 1 was used to investigate the influence of
pillar offsets on pillar stability in multiple-level mining conditions. As mentioned previously,
the study pillar is located in the middle of a 9 x 9 array of pillars in the top-level mine.
Designing a stable pillar in multiple-level mining conditions requires determining the
locations and magnitude of stress concentrations, which depends to a great extent on the
interburden thickness, pillar offset, extraction ratio, in situ stress conditions, and depth of
cover. Figure 4 shows the variation of elastic vertical stress distributions at various pillar
overlap percentages for 8-m (26.2-ft) interburden thickness. These stress distributions were
taken along a cross-section at mid-pillar height and mid-pillar width of the study pillar. The
pillar overlap percentages shown in Fig. 4 reflect pillar offset in the x direction only. The
modeled pillars are located at 400 m (1,312 ft) depth of cover, and the horizontal/vertical
stress ratio was 0.3. This depth is slightly larger than what is typically encountered in
underground limestone mines. However, similar trends were found at other overburden
depths. An extraction ratio of 0.75 was assumed in this study since it is the most common
extraction ratio in underground stone mines [3].

The thick black “stepped” line (Development_top) shown in Fig. 4 represents the vertical
stress distribution along the study pillar when the top-level mine was completely mined out,
while the dotted red line (100%_overlap) represents the vertical stress distribution when

both top and bottom-level mines were completely mined out and the pillars are stacked.
When the pillars are stacked (100% pillar overlap), the induced vertical stress at the ribs of
the study pillar slightly changed, due to the lower-level mine, while it noticeably increased at
the pillar core.

Pillar offset generates asymmetric stress distribution such that stress concentration is higher
on one side of the study pillar compared to the other side; these stress concentrations could
be very high depending on the magnitude of the pillar offset and interburden thickness,
which might lead to local instabilities and failures. Stress concentration occurred at both
sides/edges of the study pillar when the pillar overlap percent was 100%, 8%, and 0%.
While stress concentration occurred at one side of the study pillar, stress relief occurred

at the other side according to all other pillar overlap percentages. The highest stress
concentration occurred when the pillar overlap percent ranged from 67 to 33%, i.e., for
8-m interburden thickness, and the degree of interaction between the mining levels is highest
when the pillar overlap percent ranges from 67 to 33%. Similar trends were found for

high horizontal stress conditions (A-ratio = 3.0). The ratio of the induced maximum vertical
stress at the pillar edge for 34% to a 100% overlap (stacked conditions) was about 1.15.
This ratio is called the stress concentration factor. Table 3 summarizes the expected stress
concentration factor from elastic material models at various interburden thickness when the
depth of cover was 400 m (1,312 ft) and the A-ratio = 0.3.
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To better understand the impact of pillar offset on pillar stability in multiple-level mining
conditions, refer to Fig. 5, which shows the vertical stress distribution from FLAC3D
models for 8-m (26.2-ft) interburden thickness at a pillar overlap percent of 100% and 0%
when the A-ratio = 0.3 and the depth of cover = 400 m (1,312 ft). It is obvious that the
vertical stress increases substantially at the overlap portions of the pillars for 50% pillar
overlap and relieves elsewhere except the corners. Such high stresses could cause local
pillar instabilities. To reduce the risk of the local pillar failures in multiple-level mining
conditions, it is important to keep the pillar overlap percent close to 100%. The importance
of stacking the pillars increases particularly if the interburden thickness is thin or the
limestone material is weak.

The degree of interaction between mining levels increases with a reduction in the
interburden thickness as shown in Figs. 6, 7, and Table 3. Figure 6 shows variation of

the vertical stress distribution from elastic material models—at mid-pillar height—for 4 and
16-m (13.1 and 52.4-ft) interburden thicknesses and 400-m (1,312-ft) depth of cover. It

is apparent that the interaction between the mining levels significantly reduced when the
interburden thickness increased from 4 m (13.1 ft) to 16 m (52.4 ft), and the significance of
pillar offset on pillar stability decreases with increasing the interburden thickness.

When the pillar overlap percent was 34% and the interburden thickness was 4 m (13.1 ft),
the stress concentration factor was 1.5, while it was 1.02 when the interburden thickness was
16 m (52.4 ft). The stress concentration factor varies not only with the pillar overlap percent
but also with depth. The higher the depth, the higher the stress concentration factor.

7 Local Pillar Instabilities Due to Multiple-Level Mining Conditions

Failure is a process by which a material changes from one state of behavior to another. More
important types of material failures are yield and ultimate strength failure. In the following
sections, nonlinear material models were used to examine the expected yield percentage and
the ultimate strength of the study pillar at various pillar offsets, interburden thicknesses, and
depths. The study pillar was examined when the top and bottom levels of the mine were
fully developed.

Figure 8 shows the expected yielded pattern from two models subjected to the same
conditions but different pillar offsets. Since pillar offsets resulted in asymmetric stress
distributions where a portion of the study pillar is overstressed compared to the other
portion, it is more logical/conservative to limit the analysis to the overstressed half of the
study pillar rather than the whole entire study pillar if the pillars were offset in the x
direction only. However, if pillars were offset in both the xand y directions, a quarter of
the pillar will be overstressed compared to the other three quarters. Hence, the overstressed
quarter of the study pillar will be investigated in such a case. The authors consider it more
relevant to discuss here the potential for significant failures of rib from more localized stress
concentrations due to pillar offset instead of the general yielding that may occur even in
fully stacked geometries. To make this point clearer, suppose that the total number of failed
(yielded) elements in the whole pillar is the same for both stacked and offset scenarios. For
the offset scenario, most of the yielded elements are on one side of the pillar (see Fig. 8b),
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while for the stacked scenario, an equal number of yielded elements occur on each side as
shown in Fig. 8a. The thick black line shown in Fig. 8 divides the study pillar into two equal
halves.

8 Influence of Interburden Thickness on Pillar Stability

In this section, the percentage yield is calculated for the overstressed half or quarter of the
study pillar—not the entire study pillar—based on whether the pillars were offset in the
xdirection only or in the xand y directions. Figure 9 shows the variation of % yield at
various degrees of pillar overlap and interburden thicknesses, when the depth of cover =

300 m (984 ft) and the A-ratio = 0.3, for (a) pillar offset in x direction only and (b) pillar
offset in both xand y directions. The % yield is higher when pillars are offset in both the
xand ydirections, and hence, the pillar is at an elevated risk of failure in such a condition,
particularly if the interburden thickness is thin and the depth of cover is high. The pillar
offset has a substantial effect on % yield when the interburden thickness is thin. As the
interburden thickness increases, the impact of pillar offset on pillar stability decreases. When
the interburden thickness was 16 m or 32 m (52.4 ft or104.9 ft), the pillar offset has less
substantial effect on pillar % yield. It is obvious that the lowest degree of % yield in the
study pillar (highest pillar stability) occurred when the pillars are stacked, while the highest
degree of % yield (highest local instability) occurred between 10 and 70% pillar overlap.
Similar trends were found for A-ratio = 3. However, the % yield is slightly less for the same
conditions. It should be noted that again the interburden between mining levels was assumed
elastic, preventing it from failing, and any interburden failure would impact pillar stability
and might trigger pillar failure.

9 Influence of Depth on Pillar Stability in a Multiple-Level Mining

Condition

To get a complete picture of the impact of pillar offset on pillar stability in multiple-level
mining conditions, it is important to consider pillars at various overburden depths. Figure
10 shows the variation of % yield with pillar overlap percentage at various depths when

the interburden thickness was 8 m (26.2 ft) for (a) pillar offset in the x direction only

and (b) pillar offset in both the xand y directions. For 400 m (1,312 ft) depth of cover,
significant % yield occurred even at 100% pillar overlap. This high % yield occurred during
the development stage of the upper-level mine—the lower-level mine was not developed
yet—because the induced stresses, corresponding to a 400 m (1,312 ft) depth of cover and
an extraction ratio of 0.75, is high compared to the assumed rock mass strength.

The impact of pillar offset on pillar stability varies with depth. For shallow mines of 200 m
(656 ft) or less, the numerical modeling results indicate that pillar offset is not an issue and
its impact is not substantial on local pillar stability. Field observations at top-level pillars of
Mine A—used to validate the FLAC3D model earlier—match well with the model results.
However, field observations at bottom-level pillars at Mine A did show some effect of the
pillar offset where the rib spalled off about 1 ft. The reason that these bottom-level pillars
were affected more by pillar offset was because they are highly fractured compared to the
top-level pillars.
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The significance of pillar offset increases substantially for 300 m (984 ft) depth of cover, and
it slightly reduces for 400 m (1,312 ft) depth of cover. Keep in mind that the expected %
yield from FLAC3D models is highly dependent on the rock mass strength; if the rock mass
strength is higher as assumed in this study, the expected % yield would decrease and vice
versa.

10 Influence of the k-Ratio on Pillar Stability in a Multiple-Level Mining

Condition

Unlike the roof, the strength and stability of stone pillars increase with increasing the
fc-ratio. The lateral confining stress generated from a higher A-ratio has the effect of
strengthening the pillar. A smaller A-ratio may result in a very low compressive minimum
principal stress or a tensile minimum principal stress that would increase the risk of failure.
Figure 11 shows the influence of the A-ratio on pillar stability at various pillar offsets in

the xdirection for a 300-m (984-ft) depth of cover and interburden thickness of 4 and 8 m
(13.1 and 26.2 ft). The blue lines represent the A-ratio of 3, while the black lines represent
the A-ratio of 0.3. As shown in Fig. 11, the significance of pillar offset on pillar stability
varies with the A-ratio and the interburden thickness. The significance of pillar offset on
pillar stability is substantial for 8-m (26.2-ft) interburden thickness when the A-ratio was 0.3,
although it was not substantial when the 4-ratio was 3.0. On the other hand, the pillar offset
was substantial for 4-m (13.1-ft) interburden thickness no matter what the A-ratio is.

11 Influence of Pillar Overlap Percentage and Interburden Thickness on
Pillar Strength

Pillar peak strength is a state at which the pillar changes from gradually increasing load-
bearing capacity to a constant or a gradually decreasing load-bearing capacity. In FLAC3D,
in order to establish the peak strength of the study pillar, a vertical velocity at the top of

the model is fixed at a constant value of — 0.5 x 1076 m/step to fail the study pillar. The
vertical stress and strain for all elements composing the study pillar was averaged via a F/SH
function at each step. The authors did not find a significant difference between averaging
the vertical stress for all elements composing the study pillar and averaging vertical stress
at mid-pillar height. Figure 12 shows the influence of pillar offset on pillar strength at
various interburden thicknesses when the A-ratio is 0.3. Similar trends were found when
the A-ratio = 3.0. However, the pillar strength was slightly higher than that shown in Fig.
10. As mentioned previously, interburden stability was not considered in this study, i.e., the
interburden is elastic and never fails. Interburden failure might trigger pillar failure or place
the pillar at more risk of failure.

For 4-m (13.1-ft) interburden thickness, the pillar strength decreases with increasing the
pillar overlap percentage. The pillar lost about 33% of its strength when the pillar overlap
percent changed from 100 to 0%. The reason for such high reduction in pillar strength is that
the degree of constraint that the floor provides the pillar is decreasing with increasing the
pillar overlap percentage since part of the pillar is underlain by a void, i.e., the floor portion
under the study pillar is not fully fixed, which is why pillar strength was substantially
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reduced. For 8-m (26.2-ft) interburden thickness, the average strength of the pillar was
slightly affected when the pillar overlap percent changed from 100 to 0%. While for 16 and
32 m (52.4 and 104.9 ft), the pillar strength was minimally affected by the pillar offset.

12 Conclusion

In this study, FLAC3D numerical models were used to understand the impact of numerous
factors on limestone pillar stability in multiple-level mining conditions. The models have
been validated with field instrumentation results at a multiple-level underground limestone
mine. It has been assumed in the models that both the interburden and the roof spans are
stable. The results and conclusions drawn from this work are not applicable to structurally
controlled rock masses where a single plane of weakness was oriented at an unfavorable
orientation. However, it is applicable to fractured rock masses where all structural features
are equally likely.

The authors found that whether an adverse pillar instability occurs or not depends on
numerous factors, such as overburden depth, interburden thickness, pillar overlap percent,
and in situ stress conditions. A combination of these factors may result in various degrees

of multiple-level mining interaction, with some being significantly unfavorable that will put
the limestone pillar at risk of local instability. The highest degree of pillar stability occurred
when the pillars are fully stacked, while the highest degree of local instability occurred when
the pillar offset ranged from 10 to 70%. When the depth of cover was less than 200 m

(656 ft), pillar offset (pillar overlap percent between mining levels) does not appear to be

an issue when the interburden thickness was 8 m (~ 26 ft) given that the roof span is 12 m

(~ 40 ft). Within the range of the study parameters, the degree of interaction between the
mining levels was minimum when the interburden thickness was greater than 16 m (26.2

ft) which is about 1.33 of the roof span. However, the underlying assumption is that the
interburden is elastic (never fails) and an interburden failure might trigger pillar failure. The
high horizontal stresses provide the pillar with more strength and reduces the impact of pillar
offsets on pillar stability.

The effect of the study parameters is intended to provide insight into the ground control
interactions between multiple mining levels in underground stone mines. There is future
work to be done regarding different material properties and pillar geometries, but the relative
effect of the parameters tested in this study should provide a starting point for understanding
local pillar stability due to multiple-level mining conditions in underground stone mines,
which ultimately leads to more stable designs that increase the safety of mine workers.
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Fig. 1.
Schematic for a stacked (columnized) pillars and b zero % overlap between top and bottom

level pillars. The study pillar is in the middle of the pillar array
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Fig. 2.
a Top and bottom levels mine overlain on each other, b P1 and P2 are instrumented with

VWSM, top mine is outlined in red, and bottom mine is in blue. A-A and B-B are two
cross-sections along the VWSMs
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Fig. 3.

Vertical stress distribution across instrumented pillars P1 and P2 for step 2 and step 3. The

black circle represents the measured vertical stress at step 3
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Fig. 4.
Variation of vertical stress distributions with pillar overlap percent for 8-m interburden

thickness, A-ratio = 0.3, and the depth of cover = 400 m. The pillar overlap percentage is due
to pillar offset in the x direction only
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a) 100% pillar overlap 0 b)50% pillar overlap

Fig. 5.
Vertical stress distribution at 400-m depth of cover and 4-ratio = 0.3 for a 100% pillar

overlap and b 50% pillar overlap. Stress values are in MPa. Pillar overlap percent is due to
pillar offset in the x direction only
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Fig. 6.
Variation of vertical stress distributions with a pillar overlap percentage for a 4-m (13.1-ft),

b 16-m (52.4-ft) interburden thicknesses, A-ratio = 0.3, and the depth of cover = 400 m
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a)4m(13.1 ft)

b)16 m (52.4 ft)

Fig. 7.

Vertical stress distribution at 400 m (1,312 ft) depth of cover and 4-ratio = 0.3 for a

50% pillar overlap and b 50% pillar overlap. Stress values are in MPa. The pillar overlap

percentage is due to pillar offset in the x direction
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a) b)

Fig. 8.
Yielded pattern for two models at the same conditions but different pillar offsets. Red
elements are yielded, while blue elements are elastic

Min Metall Explor. Author manuscript; available in PMC 2023 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rashed et al. Page 21
35 as
ma 40 =4 -
30 i o
+8 +8
35 .
16 = : e16
25 ]
<32 <32
30
"
20 - 25
- -
2 " . . g g >
> >
® 15 © e 20
L
* 15 &
10 " ° ° 5
b A z ® -9 i . o
° ® : ;
s :
5
0 0
100 80 60 a0 20 0 100 80 60 40 20
% Pillar overlap % Pillar overlap
a) b)
Fig. 9.

Influence of interburden thickness on % yield at various pillar offsets for a pillar offset in the
xdirection and b pillar offset in both the xand y directions; the depth of cover = 300 m (984
ft) and the A-ratio = 0.3
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Fig. 10.

Influence of depth on % yield at various pillar offsets for a pillar offset in x direction only
and b pillar offset in both xand y directions. The interburden thickness = 8 m (25.2 ft)
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Influence of A-ratios on % yield at various pillar offsets for 4- and 8-m (13.1- and 26.2-ft)

interburden thicknesses at a depth of cover = 300 m (984 ft). Black lines are for A-ratio =
0.3, and blue lines are for A-ratio = 3.0
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Pillar strength at various interburden thicknesses and pillar offsets for Aratio of 0.3

Min Metall Explor. Author manuscript; available in PMC 2023 May 17.

Page 24

*

* X



Page 25

Rashed et al.

Author Manuscript

Jeauljuou pue Jeaul |apow [eLsleN
(ov~) et (1) w ‘ueds Jooy

ST onel yB1ay-01-yipim seyiid

0'EpUBED onel-y

0 Pue ‘TT ‘ST ‘¥ '69 ‘00T 9% 'suonoauip A pue -x ui delsano Jejjid

0 pue ‘g ‘€€ ‘0S ‘29 ‘€8 ‘00T 9% ‘uonoalIp x ui depisno Jej|id

(6'v0T) z€ pue (7'2S) 9T '(2'92) 8 (T€T) ¥ (M) w ‘ssausioryy uapingJajul
(z7e'T) 00V PUE ‘(1786) 00E (959) 002 ‘(82€) 00T (1) w ‘pdeq
palenfens ssnieA epwe ed Rpwe .red

S|apow @soVv 14 8yl ul pasn sisiaweled Apnis syl Jo Arewwing
T 3lqelL

Author Manuscript Author Manuscript Author Manuscript

Min Metall Explor. Author manuscript; available in PMC 2023 May 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rashed et al.

Table 2

Summary of laboratory test results for the limestone specimens used in this study

Parameter

Value

Unconfined compressive strength (UCS), MPa (psi) 100 (14,500)

Poisson’s ratio (v) 0.25

Intact Young’s modulus (£}, GPa (psi) 50 (7.25 E6)
Hoek-Brown m; parameter 9.98
Hoek-Brown s parameter 1.0
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