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A METHOD REVISITED: COAL PILLAR STRENGTH
FORMULA BASED ON FIELD INVESTIGATIONS

By Z. T. Bieniawski'

INTRODUCTION

The design of mine pillars involves the determination of
proper sizes of pillars compatible with the expected load
and the in situ strength of the coal strata. Thus, in de-
ciding the most suitable dimensions for mine pillars, one
needs to consider such factors as the pillar load (the stress
on pillars), the pillar strength, and the factors of safety.

~ There are two approaches to coal pillar design. The
ultimate strength approach contends that pillars will fail
when the applied load reaches the compressive strength
of the pillars. This approach presumes that the load-
bearing capacity of a pillar reduces to zero the moment its
ultimate strength is exceeded. The progressive failure ap-
proach emphasizes the nonuniform stress distribution in
the pillar; failure initiates at the most crucial point and
propagates gradually to ultimate failure. In the United
States, the Federal Coal Mine Health and Safety Act of
1969 prescribes the safety concept of failure initiation as
the criterion rather than ultimate failure. This results in
an additional margin of safety. This paper summarizes a
method developed by the author for determination of coal
pillar strength that has been used successfully for more
than 20 years. The recommended procedure is supported
by a survey of approximately 200 coal mines, including 174
in the United States, in which typical mining conditions
and pillar configurations were analyzed.

PILLAR LOAD

The simplest approach to determine the pillar load, or
more correctly the average pillar stress, is by the tributary
area method. This approach is generally only applicable
to room-and-pillar mining and to sizing pillars for the de-
velopment entries in longwall mining. If a number of well-
known simplifying assumptions are made (e.g., uniform
stress distributions, large extent of mining), the average
pillar load for such cases can be calculated from

S =[1L1H (w +B)(L +B)] / (wx L), 6))

where S, = pillar load (average pillar stress) in psi,
H = depth below surface, ft,
B = width of opening (room or entry), ft,
w = pillar width, ft,

and L = pillar length, ft.

For longwall mining applications, where abutment
loading is of prime importance, the Analysis of Longwall
Pillar Stability (ALPS) method proposed by Mark and
Bieniawski (1986) (11)* can be used to estimate the pillar
stresses for headgate and tailgate loading conditions.

PILLAR STRENGTH

The strength of coal pillars, i.e., the ultimate load per
unit area, is dependent upon three elements: (1) the size
or volume effect (strength reduction from a small labora-
tory specimen of coal to a full-size coal pillar), (2) the
effect of pillar geometry (shape effect), and (3) the prop-
erties of the coal material. Although for years many pillar
strength formulas have been proposed, some dating back
to 1911, two types of expressions are predominant:

9p = Ocube [A + B (w/h)], 2
and
o, = K wi/hP (3)
where o, = pillar strength,

Ocube = in.situ coal strength incorporating
size effect,

A, B, a,b = constants expressing the shape effect,

Iprofessor of Mineral Engineering, The Pennsylvania State Univer-
sity, University Park, PA.

2Italic numbers in parentheses refer to items in the list of references
at the end of this paper.
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In the previous equations, the constant k must be deter-
mined for each coal seam; k is obtained as shown by
Gaddy (1956) (7):

K = constant characteristic of a coal seam,
w = pillar width,
and h = pillar height (usually same as seam

height).
SIZE EFFECT

The size effect is best characterized by the concept of
the “critical size” (Bieniawski, 1968) (1), which is very im-
portant in practical strata control engineering. It means
that for cubical specimens of coal (no shape effect invol-
ved), the strength decreases with increasing specimen size
until the strength becomes nearly constant from a certain
“critical specimen size" onward. This phenomenon is de-
picted in figure 1, and its significance is that the strength
values at the critical size, about 3 ft (1.0 m) for coal, are
directly applicable to full-size pillars.

The size effect characterizes the difference in the
strength between the small-size specimens tested in the
laboratory and the large-size coal pillars mined in situ.
Research in the United States has shown [Hustrulid, 1976
(10)] that the scaling of coal properties from laboratory-
measured data to field values can be satisfactorily achieved
by the following equations:

Tcube = K / (36)1/2’ ©)

applicable to cubical pillars if the height h is more than
36 in (0.9 m), or

Ocube = k/ h'/2 ®

applicable to cubical pillars if the height h is less than
36 in (0.9 m).
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Figure 1.—Compressive strength as a function of cube size for
Pittsburgh coal [Hustrulid, 1976 (10)].

k = o, (D)2

©)

where o

i

. = uniaxial compressive strength of coal
specimens tested in laboratory, psi,

and D

diameter or cube side dimension, in.

While there is a difference in laboratory results depending
on whether cylindrical or cubical specimens are used, for
practical engineering purposes this difference is not sig-
nificant within the range of D between 2 and 4 in (50 and
100 mm) [Hustrulid, 1976 (10)].

Although the strength of coal at the critical size is
most conveniently determined by the Hustrulid equations,
a number of other approaches can also be used. These
are as follows: in situ large-scale tests, "petite sismique"
geophysical tests, the Protodyakonov method, and the
Hoek-Brown criterion for rock mass strength [Bieniawski,

1984 (5)].
SHAPE EFFECT
From all the available pillar strength formulas, the
following five expressions are most commonly used in coal
mining;
Obert-Duvall, 1967 (13):
Op = Ocupe (0.778 + 0.222 w/h) @)
Holland-Gaddy, 1964 (8):
o, = k [w/h'/?] ®
Holland, 1973 (9):
g

p = Zcube (w/ h)l/z &)

Salamon-Munro, 1967 (14):

o, = 1,320 w46/p"%6 (10)
Bieniawski, 1968 (2-4):
Tp = Teupe (0.64 + 036 w/h). (11)
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PILLAR STRENGTH FORMULA

The origin and the use of equation 11 are the prime
topics of this paper. This pillar strength formula was
proposed [Bieniawski, 1968 (2)] on the basis of extensive
in situ tests performed on coal during 1966-73 in South
Africa. The program of tests was initiated as a result
of a coal mine disaster at Coalbrook Mine where 427
miners lost their lives in 1960 because of pillar collapse.

Conducted under the author’s direction at Witbank
Mine, the first series of tests (1966-68) involved 35 large-
scale in situ tests on square coal specimens measuring
from 24 in to 6 ft (0.6 to 2 m) in side length and of
various heights. The influence of the width-to-height ra-
tios of up to 3.1 was studied by testing specimens of dif-
ferent heights and with the same cross-sectional area. The
second series of tests involved 12 specimens tested by
Wagner in 1972 at Usutu Mine (15). These tests included
rectangular and square specimens up to 6 ft (2 m) in size
and with width-to-height ratios of up to 2.2.

The third and last series of tests, also conducted under
the author’s direction, was performed in 1973 at New
Largo Mine and involved 10 in situ coal specimens, 4.5 by
4.5 ft (1.4 by 1.4 m) in cross section and of various heights,
with width-to-height ratios of up to 3.4. Full details of all
the specimen preparation and testing techniques are given
by Bieniawski and van Heerden (1975) (3).

The Witbank coal formation was the weakest of the
three tested, while the New Largo coal was the strongest.
To make the in situ test results generally applicable (i.e.,
not only to the locality where the tests were carried out),
a pillar strength formula is best expressed in a normalized
form. For example, the original strength formula for the
Witbank Coalficld [Bieniawski, 1968 (2)] was of the form

op (psi) =400 + 220 w/h,
but this can be expressed dimensionlessly as
op =620 (0.64 + 0.36 w/h),

where o, = 620 psi (4.3 MPa) is the "critical size"
strength for the Witbank coal.

Thus, the general (normalized) form of this pillar
strength formula is

Op = Ocupe (0.64 + 0.36 w/h),

which is equation 11 given earlier. In figure 2, all the in
situ test results from the three coal mines are plotted,
demonstrating the close fit of the experimental data with
equation 11.

In essence, this pillar strength formula—confirmed by
57 large-scale in situ tests on coal performed in three
mines—is applicable to any coal seam, provided the value
of 0., is known from equation 4 or by other means. The
formula can be used not only in room-and-pillar mining
but also in longwall mining, provided the appropriate
stability factors are established, as discussed in the next
section. Note that although the original in situ test data
in figure 2 were based on pillar width-to-height ratios
of up to 3.4, when applied to full size coal pillars—as
shown later in figure 7—the pillar strength formula given
by equation 11 was found applicable even for pillar width-
to-height ratios of up to 12.

'y
=3 T T T T
b€
é : o/0y=0.64+0.36 w/h
B E
ET |
(=] [*]
=|a
‘6, o
S | v
HIIN T o
n i —
® o New Largo colliery
2 O Usutu colliery
”n X Witbank colliery
) ] ] ! I
E (0] | 2 3 4 5
& .
w/h ratio

Figure 2.—Strength data from large-scale in situ tests on coal
[Bieniawski and van Heerden, 1975 (77)].
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CHOICE OF A STABILITY FACTOR

To use any pillar strength formula with confidence, the
appropriate “safety factor” or “stability factor” must be
used.® For the Bieniawski formula (equation 11), this was
accomplished in a 1982 national survey of design practices
and mining dimensions in the United States [Bieniawski,
1983 (4)]. This survey included a comprehensive study of
such parameters as the depth below surface, seam thick-
ness, roof span, pillar height, pillar width, pillar length,
width-to-height ratios, percentage extraction, and method
of design. A total of 174 cases were available for stability
analyses of coal pillars (see table 1) plus 58 cases of roof
falls for analyzing roof spans. The pillar cases included
only three instances of pillar failure from the United
States. However, 20 pillar failure cases in other countries
were also collected by the author. Nevertheless, pillar
failure cases were not essential for establishing the validity
of a selected pillar strength formula for U.S. mining,
contrary to an objective of a study by Salamon and Munro
(1967) (13) in South Africa. There, no pillar strength
formula was available at the time, while in the United
States a number of formulas have been used since 1911.
It was the aim of the 1982 national survey to select a
formula that would be the most economical yet safe for
coal pillar design in the United States.

Table 1.—Range of room-and-pillar parameters surveyed
in U.S. coal mines!

Parameter Range? Typical value?
Depth below surface ..... ft.. 75-1,500 500
Seam or pillar height .. ... ft.. 3-15 6
Entrywidth ............ ft.. 16-20 18
Pillarwidth . ............ ft.. 15-75 48
Pillar length ............ ft.. 20-90 60
Width-to-height ratio . . .. .. ft.. 2-16 8.0
Length-to-width ratio ..... ft.. 1-3 1.25
Extraction ............ pet. . 25-85 50

!Pennsylvania State University survey of 174 cases.
To convert feet to meters, multiply by 0.30.

The results obtained are depicted in figure 3. The sur-
vey involved the coal seams commonly found in the United
States. However, 38 pct of the data involved the Pitts-
burgh Seam. The average depth of room-and-pillar mines
in the United States is 500 ft (150 m), with the range vary-
ing between 75 and 1,500 ft (25 and 480 m). The typical
seam thickness, which is synonymous with pillar height,

3A better term would be “a factor of ignorance” because of the
uncertainties inherent in any empirical approach.

is 6 ft (2 m) varying between 3 and 15 ft (1.0 and 4.5 m).
Roof spans (i.e., entry widths) in the United States are
typically 16 to 20 ft (4-6 m) wide. The typical pillar width
is 48 ft (15 m) varying from 15 to 75 ft (5 to 23 m) while
the typical pillar length is 60 ft (20 m). The average per-
centage extraction is 50 pct varying between 25 to 85 pct.
An important observation from figure 3 is that the typical
pillar width-to-height ratio is 8.0 varying from 2 to 16.
Based on this survey, the appropriate safety factors for the
Bieniawski formula (equation 11) were established.

A factor of safety F is defined as the ratio of the
strength of a pillar to the load acting on it. Thus,

F=0,/8, ' (12)

A factor of safety (stability factor) is necessary because
in order to derive the pillar load as well as the strength
formulas presented in the previous section, certain as-
sumptions had to be made.

A structure is generally defined as stable when F is
more than 1. In engineering practice, the factor of safety
used is smaller when the conditions are well explored and
understood. If the factor of safety is unity, the probability
of failure is 50 pct. The factor of safety should be greater
than unity to achieve a low probability of failure. What
probability of failure is acceptable in coal mining?

Using a computer storage and retrieval system, the
room-and-pillar dimensions from the Pennsylvania State
survey were used together with the various pillar strength
formulas. A histogram of safety factors for the strength
formula in equation 11 is given in figure 4 for 171 case
histories featuring stable pillars from the United States,
20 case histories involving failed pillars in other countries,
and 3 cases of failed pillars in the United States.

It is concluded from figure 4 that factors of safety rang-
ing from 1.5 to 2.0 are appropriate for room-and-pillar
coal mining when using equation 11. For longwall mining,
using the ALPS method developed at The Pennsylvania
State University by Mark and Bieniawski (1986) (11), the
recommended factor of safety is 1.3. It must be empha-
sized, however, that these figures should be used as a
guide only and the local mining experience should be
taken into consideration.

More specifically, the guidelines for the stability factors
using the Bieniawski formula are as follows:
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Figure 4.—Histogram of safety factors (S.F.) for the strength
formula in equation 11 [Bieniawski, 1983 (4)].

To assess the stability of an existing mining operation,
all the mining dimensions are known and the factor of
safety can be determined for optimizing future designs.
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COMPARISON OF PILLAR STRENGTH FORMULAS

The five pillar strength formulas listed earlier have been
applied extensively in coal mining. Using the Pittsburgh
Coal Seam as an example, these formulas may be com-
pared. From the research by Gaddy (7), Hustrulid (10),
and Bieniawski (4), the Pittsburgh coal has a typical value
of k = 5,580, which can be used in equation 4. Thus, the
in situ coal strength of the Pittsburgh Seam is estimated as

(13)

The above value may now be used for equations 7, 9,
and 11. For equation 10, the constant 1,320 represents the
uniaxial compressive strength, in psi, of a 1-ft cube speci-
men of South African coal (equivalent to the strength of
7.2 MPa for 1-m cube of South African coal). For U.S.
conditions, the appropriate constant may be determined by
the Hustrulid equation (equation 5). Thus, for Pittsburgh
coal, the appropriate constant for the Salamon-Munro for-
mula is

Ocuve = K / (36)* = 930 psi (6.4 MPa).

K = k/(12)%° = 1,610 psi (11.1 MPa).  (14)

Consequently, the five pillar strength formulas may now
be rewritten as follows for the Pittsburgh Seam:

Obert and Duvall formula:
= 930 [0.778 + 0.222 (w/h)] (15)
Holland and Gaddy formula:
o, = 5,580 [w/h'/?%] (16)
Holland formula:
a, = 930 (w/h)"/2 (17)
Salamon and Munro formula:
o, = 1,610 wP46/n06 (18)
Bieniawski formula:
op =930 [0.64 + 0.36 (w/h)]. 19)

In figure 5, the above five formulas are plotted as the
strength versus the width-to-height ratio. It is apparent
that for higher width-to-height ratios equation 16 predicts
the lowest strength while equation 19 predicts the highest
strength. At the same time, the form of equations 17 and
18 is such that they will become very conservative at high

KEY
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=== Salamon- Munro o, |6l0 w046/ ,0.66
«~—+=— Holland Formula S 930 Vw/h
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Figure 5.—Pittsburgh Seam: strength versus pillar width for
h=10ft

width-to-height ratios. The higher strength values predict-
ed by equation 19 are consistent with the fact that for high
width-to-height ratios there is a very rapid strength in-
crease as shown by the experimental data plotted in fig-
ures 6 and 7. In fact, pillars were thought to be almost
indestructible for width-to-height ratios greater than 10
[Cook and Hood, 1978 (6)]. This is further substantiated
by figure 4 from which it is apparent that pillars are gen-
erally overdesigned in the United States. This is particu-
larly so when the width-to-height ratios of coal pillars are
eight or more. It is also evident from figure 7 that equa-
tion 11 is valid even for width-to-height ratios of up to 12,
after which it will provide conservative values.

In fact, a detailed study of this aspect conducted at
Pennsylvania State by Bauer in 1980 (4) has revealed that
the theoretical strength of coal pillars is considerably
higher than that predicted by equation 11. Bauer calcu-
lated the pillar strength based on rock mass properties
such as: the cohesion and the angle of internal friction of
coal; the cohesion and the angle of friction at the pillar-
roof interface; and the pillar dimensions of width, length,
and height.

The results of underground tests on coal pillars per-
formed by Wagner (1974) (15) have shown that pillars of
rectangular cross section are about 40 pct stronger than
square pillars of the same width and height. He measured
the stress distribution across pillars at various stages
of deformation and found that the perimeter of a pillar
is capable of carrying relatively little stress, but this
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portion of the pillar provides lateral confinement, which
enhances the strength at the center of the pillar.
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Figure 7.—In situ data: the effect of the width-to-height ratio
on the strength of eight longwall coal pillars: observed data and
predictions by three empirical formulas [Mark et al. 1988 (12)].

He also concluded that long rectangular pillars having a
width greater than 10 times their height are unlikely to fail
except for punching into the roof or the floor. However,
recent studies (as yet unpublished) suggest that wide
pillars—even with width-to-height ratios of 15 and over—
may have failed, depending on the definition of “failure.”
It is not clear whether the pillar has failed throughout
including the pillar core.

EXAMPLE

This simple example demonstrates the differences in
pillar size estimates by the five pillar strength formulas.
Consider an existing room-and-pillar coal mine in the
Pittsburgh Seam, with an aim of improving its coal
extraction:

Depth below surface (H) .... 500 ft (152 m)
Entrywidth (B) ........... 18 ft (5.5 m)
Pillar width (w) ........... 60 ft (18.3 m)
Pillar length (L) ........... 80 ft (24.4 m)
Seam height (h) ........... 7 ft (2.1 m)
Pittsburgh Seam in situ

coal strength (0,) 930 psi (6.4 MPa)

.......

The first step is to establish the current factor of safe-
ty F used by the mine and the percentage of the coal
extracted.

_ 930[0.64 +0.36 X (60/7)]
1.1 500 x (78/60) X (98/80)

Clearly, this is not an efficient operation as evident by
the uneconomical factor of safety and a low percentage of
coal extraction e:

e=1-60/78 x 80/78 = 0.372 = 37.2 pct.

To improve the coal extraction, the minimum pillar
sizes may be determined using the five pillar strength
formulas and retaining the pillar length-to-width ratio of
1.33 as practiced by the mine. The calculations must be
performed for the appropriate factor of safety recommend-
ed by each formula, as shown in table 2.

Based on table 2, the author would recommend pillar
dimensions of 29 by 39 ft (8.8 by 11.9 m) resulting in a



much improved coal extraction of 58 pct with a factor of
safety of 1.52.

Table 2.—Estimates of maximum pillar sizes using
the five pillar strength formulas and pillar
length-to-width ratio of 1.33

Factor of

Formula Pillar Pillar Coal extrac-
safety width, fi! length, ft'  tion, pct
Obert-Duvall . . ... 2.0 44.1. 58.6 45.6
Holland-Gaddy ... 1.8 52.7 70.1 406
Holland ........ 2.0 385 51.2 49.5
Salamon-Munro .. 1.6 28.9 384 57.9
Bieniawski ...... 1.5 28.7 38.2 58.1

To convert feet to meters, multiply by 0.30.

It is interesting to observe that if the mine would extend
its operations to the lower seam, located at a depth of
1,000 ft (300 m) below the surface, the differences between
the estimates for the pillar sizes by the five pillar strength
formulas would be more pronounced, as shown in table 3.

165

Table 3.—Estimates of pillar sizes using the five pillar
strength formulas at a depth of 1,000 ft (300 m)

Formula Factor of  Pillar Pillar Coal extrac-
safety width, ft! length, fi* tion, pct
Obert-Duvall . . ... 2.0 81.6 108.0 2.7
Holland-Gaddy ... 1.8 120.0 160.0 21.7
Holland ........ 2.0 80.2 106.0 30.1
Salamon-Munro .. 1.6 57.0 75.9 38.5
Bieniawski ...... 1.5 48.2 64.1 43.1

To convert feet to meters, multiply by 0.30.

The above differences are due to the fact that some
of the formulas are very conservative at greater depths
for which they were not intended. The formulas by
Holland-Gaddy and by Holland should not be used for
depths of more than 500 ft (150 m). It is also clear that
the economics of relatively low percentage of coal ex-
traction from room-and-pillar mining at depths of more
than 1,000 ft (300 m) may be questionable when compared
to longwall coal mining.

CONCLUSION

A pillar strength formula for coal mining has been
reviewed and shown to be both economical and safe. Al-
though valid for use in other countries, the proposed
design procedure is particularly relevant to the United
States, where 174 coal mines have been surveyed using

this formula. It has also been shown that, subject to an
appropriate factor of safety, the formula has been used
effectively in both room-and-pillar mining (4) and in long-
wall mining (11).
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