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Abstract Design of coal pillars in a coal mine remains a challenge inspite of several theories proposed by several
researchers over a period of time. India is heavily dependent on coal availability for supply of electricity to it’s
billion of citizens. This has burdened the coal industry to increase the coal production which ultimately has lead to
extraction of coal pillars also. Coal pillars are used to support the overlying roof rock to prevent it from falling. The
dilemma with coal pillar stability is that On one hand, the size of the pillar should be as small as possible to enable
maximum recovery of coal, while on the other hand, the pillar should be large enough to support the load of
overlying strata. The stability of coal pillars has fascinated several researchers and hence many empirical equations
have been proposed over the decades. In this paper, parameters like height of pillar, depth of pillar, compressive
strength of coal, depth of the coal seam have been taken as input to estimate factor of safety of coal pillar from two
mines i.e., Begonia and Bellampalli. It is found that Greenwald (1941), Salamon and Munro (1967), Sheorey (1992)
and Maleki (1992) method has estimated failed cases correctly while Sheorey (1992) & Maleki (1992) have not
predicted stable case of pillar correctly which is an interesting finding as empirical relations proposed by Sheorey
(1992) is assumed to have good prediction in Indian condition.
Keywords: Pillar strength, factor of safety, Begonia coal mines and Bellampalli coal mines, percentage deviation
Cite This Article: A. K. Verma, “A Comparative Study of Various Empirical Methods to Estimate the Factor
of Safety of Coal Pillars.” American Journal of Mining and Metallurgy, vol. 2, no. 1 (2014): 17-22. doi:
10.12691/ajmm-2-1-3.

1. Introduction
The empirical coal pillar factor of safety approach is
considered to represent the most reliable methodology
available for analyzing the long-term stability of regular
arrays of pillars that are wide with respect to cover depth.
Alternative numerical approaches are hampered by our
inability to accurately define rock mass properties and
develop constitutive laws that fully define rock mass
behavior. Board and Pillar mining method is one of the
underground mining methods that commonly used for the
extraction of coal seam in India. It involves driving two
sets of parallel inseam headings, one set being orthogonal
to another, thereby forming square or rectangular pillars.
If the strength of a pillar in a room-and-pillar mine is
exceeded, it will fail, and the load that it carried will be
transferred to neighboring pillars. The additional load on
these pillars may lead to their failure. Pillar strength can
be defined as the maximum resistance of a pillar to axial
compression. In flat lying deposits, pillar compression is
caused by the weight of the overlying rock mass
(Bieniawski, Z., 1968, 1984 & 1992). Empirical evidence
suggests that pillar strength is related to both its volume
and its shape. Numerous equations have been developed
that can be used to estimate the strength of pillars in coal
and hard rock mines, and have been reviewed and

summarized in the literature. These equations are
generally empirically developed and are only applicable
for conditions similar to those under which they were
developed (Jaiswal, 2009). More recently, numerical
model analyses combined with laboratory testing and field
monitoring have contributed to the understanding of
failure mechanisms and pillar strength.

2. Parameter Influencing Stability of
Pillars
Pillar strength can be defined as the maximum
resistance of a pillar to axial compression. Pillars are the
key load bearing elements of an underground coal mine.
The stress on the pillars is a function of both the width (w)
and the height (h) of the pillars. Several equations for
calculating the pillar strength have been proposed by
different researchers on the basis of laboratory test of rock.
Strength of coal pillars and their behavior can vary
dramatically depending on their shape (Martin, 2000).
Three broad categories of pillar behavior and failure mode
have been identified, each defined by an approximate
range of width-to-height ratios (Mark, 1999):
Slender pillars: - Slender pillars are those with w/h
ratios less than about 3 or 4. When these pillars are loaded
to their maximum capacity, they fail completely, shedding
nearly their entire load. When large numbers of slender

18

American Journal of Mining and Metallurgy

pillars are used over a large area, the failure of a single
pillar can set off a chain reaction, resulting in a sudden,
massive collapse accompanied by a powerful air blast.
Intermediate pillars: - Intermediate pillars are those
whose w/h ratios fall between 4 and 8. These pillars do not
shed their entire load when they fail, but neither can they
accept any more loads. Instead, they deform until
overburden transfers some weight away from it. The result
is typically a non-violent pillar “squeeze,” which may take
place over hours, days, or even weeks. The large roof-tofloor closures that can accompany squeezes can cause
hazardous ground conditions and entrap equipment.
Squat pillars: - Squat pillars are those with w/h ratios
that exceed 10. These pillars can carry very large loads,
and may even be strain-hardening (meaning that they may
never actually shed load, but just may become more
deformable once they “fail.”). None the less, the pillar
design may fail because excessive stress is applied to the
roof, rib, or floor, or because the coal bumps. Moreover,
the strength of squat pillars can vary considerably
depending upon the presence of soft partings, weak roof or
floor interfaces, and other geologic factors.

2.1. Empirical Pillar Strength Formulas
The design of coal pillar was started in 1773 by
Coulomb as traced by Mark, 2006. However, Bunting
(1991) designed first pillar for coal mines based on
scientific approach. He carried out extensive laboratory
test on different sizes of cube (2 to 6 inches size) & prism

(2.25 to 12.25 inches height) of anthracite. He
demonstrated that strength of coal prism has relation to
their height and width.
Empirical pillar strength formulas were developed as
part of major coal brook disaster whose main objective
was to establish in situ strength of coal pillars. Salamon &
Munro (1967) analyzed 125 case histories of Coal pillar
collapse and proposed that the coal pillar strength could be
determined using power formula

σ p = K SM hαp wβp

(i)

Where σ p (MPa) is the pillar strength, KSM (MPa/m2)
is strength of a unit volume of coal and w & h are the
pillar width & height in meters respectively. Hudson et al.
(1972) after extensive laboratory study confirm that
strength of a rock mass is too large part controlled by
geometry by the geometry of the specimen i.e. w/h ratio.
Equation (i) (Mohan, 2001) has been developed for Room
& Pillar mining of horizontal coal seams. Following
Bunting (1991), a number of pillar design equations were
developed around the world as shown Table 1 a,b,c.
Das (1986) who observed that when w/h ratio increases
beyond 4-6, the post failure characteristic starts ascending
indicating a gain in strength (Figure 1). He also observed
that at w/h ratio of 13.5, if pillars of such flatness are left
in underground mines for support purpose, they can retain
high strength even after failure.

Figure 1. Influence of w/h ratio on the post-failure stress-strain behavior of coal (Das, 1986)
Table 1a. Proposed empirical relations for coal pillar strength determination
Zern Edward Nathan
Salamon and Munro
Greenwald (1941)
Obert and Duvall (1967)
(1928)
(1967)
Empirical
Relation

Remarks

Limitations

 wp
C p = C1 
 hp







Cp is pillar strength, C1
is the coal strength, wp is
the pillar width and hp is
the pillar width.

C p = 0.67k

wp
h0.83
p


 wp
C p C10 0.778 + 0.222 
Cp = k SM hαp wβp =
 hp



Cp is the pillar strength, k
is the strength of coal
sample, wp is the pillar
width and hp is the pillar
height

Cp is the pillar strength,
kSM=7.176 kPa, hp is
pillar height, wp is pillar
width, α=-0.66, β=0.46

Strength is calculated by
unit cube of coal sample

K has to be evaluated by
testing of specimen size
30 cm.






Cp is the compressive strength , C10 is the
compressive strength of specimens having ratio
of

d
= 1 , d is the diameter of the specimen, h
h
is the height of the specimen

d
=1
h
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Table 1b. Proposed empirical relations for coal pillar strength determination
Bieniawski (1975)
Logie and Matheson (1982)
Empirical
Relation

Remarks
Limitations


 wp
=
C p k B 0.64 + 0.34 
 hp








Cp is the pillar strength, kB is the compressive
strength of a 30 cm cube pillar
specimen(MPa), wp is the width of the pillar,
hp height of the pillar
Specimen should be 30 cm cube pillar


 wp
=
C p k B 0.64 + 0.34 
 hp



1.4






Cp is the compressive strength, kB is the
compressive strength, wp is the width of the
pillar, hp is the height of the pillar

Maleki (1992)

wp

−0.260

hp
=
C p 3836 1 − e









Cp pillar strength, wp pillar width,
hp pillar height

Table 1c. Proposed empirical relations for coal pillar strength determination
Mark-Bieniawski (1997)
Sheorey (1992)



 w2p
wp
C p =S1 0.64 +  0.54
− 0.18 
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Empirical
Relation
Remarks
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C p 0.27σ c 25 h −p0.36 + 
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Cp is pillar strength, S1 is in situ coal strength, wp pillar width, hp
pillar height, Lp pillar length

Cp is pillar strength, H coal seam depth, σc strength of coal, wp
pillar width, hp pillar height

Limitations

2.2. Case Study
For comparison of suitability of various empirical
relations, coal pillars at two mine namely Begonia in
Raniganj coal field as failed pillar case and Bellampalli in
Andhra Pradesh as stable pillar case have been chosen.
Any method for estimating pillar strength should satisfy
the following two statistical conditions:
(a) All failed pillar cases should have a safety factor of
1.0. In statistical terms, this merely means that the line of

S.No.
1.
2.

Mines
Begonia
Bellampalli

safety factor=1.0 should be the best fit for a plot of pillar
strength vs. pillar load.
(b) All stable cases must have a safety factor>1.0.
Parameters used for calculation of factor of safety for
coal pillars at both Begonia & Bellampalli mine are shown
in Table 2. Figure 2 shows the location of both Begonia &
Bellampalli mines. Begonia mine is located in Asansol
area of West Bengal while Bellampalli mine is located in
Andhra Pradesh. Coal at Begonia mine has its origin from
Raniganj sub group of upper Permian age while coal at
Bellampalli has its origin from Barakar sub group of lower
Permian age (Figure 3).

Table 2. Different parameter value for Begonia (failed) and Bellampalli (stable) case
Depth of coal seam
Pillar height (h in m)
Pillar width (w in m)
w/h ratio
Compressive strength of coal sample
36
3
3.9
1.3
26
36
3
5.4
1.8
48

Figure 2. Location map and stratigraphy (Mukhopadhyay, 2010) of Begonia and Bellampalli coal mines

Parameters used for calculation of factor of safety for
coal pillars at both Begonia & bellampalli mines is shown
in Table 2. Figure 2 shows the location both Begonia and
Bellampalli mines. Begonia mines is located in Asansol
area of West Bengal while Bellampalli mines is located in

Andhra Pradesh. Coal at Begonia mines has its origin
from Raniganj formation of upper Permian age while coal
at Bellampalli has its origin from Barakar formation of
lower Permian age (Figure 2).
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Table 3. FoS estimated by different empirical relations and their % deviation from critical factor of safety 1.0
Failed Case
Stable Case
Researchers
FOS
% deviation from FOS of 1.0
FOS
%deviation from FOS of 1.0
Zern Edward Nathan (1928)
1.48
48
2.9
190
Greenwald (1941)
0.69
-31
1.3
30
Salamon and Munro (1967)
1.17
17
2.3
130
Obert and Duvall (1967)
1.38
38
2.6
160
Bieniawski (1975)
1.40
40
2.7
170
Logie and Matheson (1982)
1.45
45
3.0
200
Mark-Bieniawski (1997)
1.44
44
2.8
180
Sheorey (1992)
0.40
-60
0.8
-20
Maleki (1992)
0.37
-63
0.45
-55

Figure 3. percentage deviation from FOS of 1.0 for Begonia (failed case) and Bellampalli (stable case) by different empirical relation

Figure 3 and Table 3 shows the percentage error
deviation of factor of safety from 1.0 which is assumed to
be the boundary line between the stable and failed cases.
The empirical equation which gives us the negative
percentage of deviation from the boundary line of FOS of
1.0 is correct for failed case. It can be observed that
Greenwald (1941), Salamon and Munro (1967), Sheorey
(1992) and Maleki (1992) method has estimated failed
cases correctly.
Similarly the empirical equation which gives the
positive percentage error deviation from the assumed

boundary line of critical FOS of 1.0 will be correct
estimation of FOS for stable coal pillar case. All empirical
equation has predicted correct trend of FOS for stable coal
pillar case except Sheorey (1992 &1986) & Maleki (1992).
In the stable case only two methods have given the
wrong estimation in negative percentage deviation from
the boundary line 1.0. For the second case, all the
empirical relation given by different researchers has given
the positive percentage deviation only ‘Sheorey’ and
‘Maleki’ has given the negative parentage deviation.

Figure 4. Number of empirical relation predicting stable cases and failed cases at different critical FOS
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Figure 4 show the number of empirical relation
predicting the coal pillar stable & failed cases at different
value of FOS. Figure 6 show that if we assumed critical
FOS of 1.2 , the four empirical can predicted the failed
Begonia coal pillar case while FOS range of 0.8 to 1.1,
number of empirical equation predicting failed Begonia
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coal pillar critical FOS is constant and have value of 3.
Similarly for critical FOS range of 1.0 to 1.3, the number
empirical relation predicting Bellampalli coal pillar stable
case was seven while there are six empirical relations
between FOS ranges of 1.4 to 1.6.

Figure 5. Average strain and average stress curve for Begonia coal and Bellampalli coal

Figure 5 shows the stress-strain curve and different
zone of stable of stress for both Begonia and bellampalli
coal.
There are three main regimes: pre- failure, the strainsoftening zone, and the residual zone. Peak strength is
characterized by a peak failure criterion. It is dependent on
the state of stress conditions. Strain-softening behavior is

characterized by both the failure criterion and the plastic
potential. The last phases of perfectly plastic are
characterized by the residual failure criterion along with a
plastic potential. Bellampalli coal has higher strength as
compared to Begonia coal.
Strength of Indian pillar coal increases after w/h ratio of
5 which is suggested by observation of Das (1986).

Figure 6. Variation of Begonia coal pillar and Bellampalli coal pillar FOS with w/h ratio

Figure 6 shows increase in FOS with increase in width
to height ratio of Bellampalli coal pillar. In the case of

slender pillar and also the case of Bellampalli coal pillar
(w/h = 1.8) highest FOS of pillar is predicted by Logie
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and Matheson (1982), Bieniawski (1975) and MarkBieniawski (1997) while least strength is predicted by
Maleki(1992) and Sheorey(1992). Similar trend is shown
in case of Bellampalli coal pillar (Figure 6).

[2]
[3]
[4]

3. Conclusion
In this paper, empirical and analytical pillar design
relations proposed by several researchers have been
discussed. It is found from the above study that in order to
use these relations successfully, it is necessary to obtain
the different input parameters realistically which is
difficult due to uncertainties in determination of coal
properties. Since pillar cases are quite old, the input
parameters are generally based on experience. Even
though, this empirical technique has a good potential for
realistic prediction.
In the present study, the effect of width to height ratio
of coal pillar of two mines i.e., Begonia and Bellampalli
on its stability has been considered. It has been found that
pillar strength is almost linearly dependent on w/h ratio
less than 5 and non-linearly dependent on uniaxial
compressive strength of the coal specimen. It is concluded
that Greenwald (1941), Salamon and Munro (1967),
Sheorey (1992) and Maleki (1992) method has estimated
failed cases correctly while Sheorey (1992) & Maleki
(1992) have not predicted stable case of pillar correctly
which is an interesting finding as empirical relations
proposed by Sheorey (1992) is assumed to have good
prediction in Indian condition. In the case of Begonia coal
pillar (w/h = 1.38), highest strength and FOS is predicted
by Logie and Matheson (1982), Bieniawski (1975) and
Mark- Bieniawski (1997) while the least strength and FOS
is predicted by Maleki (1992) and Sheorey (1992).
Similarly, in the case of Bellampalli coal pillar (w/h = 1.8)
highest strength and FOS of pillar is predicted by Logie
and Matheson (1982), Bieniawski (1975) and MarkBieniawski (1997) while least strength and FOS is
predicted by Maleki (1992) and Sheorey (1992).
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