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PROCEEDINGS OF THE SECOND INTERNATIONAL WORKSHOP
ON COAL PILLAR MECHANICS AND DESIGN

Edited by Christopher Mark, Ph.D.,* Keith A. Heasley, Ph.D.,*
Anthony T. lannacchione, Ph.D.,> and Robert J. Tuchman?

ABSTRACT

Pillar design is the first line of defense against rock falls—the greatest single safety hazard faced by
underground coal miners in the United States and abroad. To help advance the state of the art in this
fundamental mining science, the National Institute for Occupational Safety and Health organized the Second
International Workshop on Coal Pillar Mechanicsand Design. TheworkshopwasheldinVail, CO, on June®,
1999, inassociation withthe 37th U.S. Rock M echanics Symposium. Theproceedingsinclude 15 papersfrom
leading ground control specialists in the United States, Canada, Australia, the United Kingdom, and the
Republic of South Africa. The papers address the entire range of issues associated with coal pillars and have
adecidedly practical flavor. Topics include numerical modeling, empirical design formulas based on case
histories, field measurements, and postfailure mechanics.

1Supervi sory physical scientist.

2Deputy director.

*Technical writer-editor.
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INTRODUCTION

By Christopher Mark, Ph.D.*

Pillar designisone of the oldest and most fundamental of the
mining sciences. Without pillarsto support the great weight of
the overburden, underground coal mining would be practically
impossible. Codl pillarsare employedinawidevariety of min-
ing operations, from shallow room-and-pillar mines to deep
longwall mines. Y et despite more than 100 years of research
and experience, pillar failurescontinueto occur, placing miners
livesat risk. Some recent examples are [Mark et al. 1998

Massive collapses: In 1992, minerswere splitting pillars at
aminein southern West Virginiawhen the fendersin a2.3-ha
areasuddenly collapsed. The minerswere knocked to floor by
theresulting airblast; 103 ventilation stoppingswere destroyed.
At least 12 similar events have occurred in recent years in the
United States and 15 othersin Australia, fortuitously without a
fatality.

Pillar squeezes: At acoa minein Kentucky, pillars were
being extracted in the main entries under 270 m of cover. The
pillars began to crush in response to the vertical load, resulting
inaroof fall that killed two miners. Thisincidentisan extreme
example of hazardous conditions that can be associated with
dow pillar failure. At least 45 recent instances of pillar
sgueezes in room-and-pillar mines have been identified.

Longwall tailgate blockages. In 1984, 26 miners at the
Wilberg Minein Utah could not escape adeadly fire because of
a tailgate roof fall. Similar blockages were common in the
1980s, and 50 cases have been documented.

Pillar bumps. Extracting theinitid lift from astanding pillar at
adeep operation in eastern Kentucky resulted in abump that killed
two miners. However, bumps are not confined to pillars; another
fatal bump occurred a alongwall face in Utah just days later.

Multiple-seaminteractions:. Somestudiesindicatethat most
remaining coal reserves will experience multiple-seam inter-
actions. Ataminein West Virginiawherefour seamshad been
previoudly extracted, one fatality occurred when the roof col-
lapsed without warning beneath a remnant barrier pillar.

Abandoned mine subsidence: As suburban development
expandsinto historic coal mining areas, unplanned subsidence
has become an important issue. In one case, residents above
50-year-old workings were disturbed by seismicity emanating
from collapsing pillars. In the Republic of South Africa, col-
lapsing pillars in the Vaal Basin are creating large sinkholes
that threaten many homes.

To help reduce the safety hazards of pillar failures, this
Second I nternational Workshop on Coal Pillar Mechanicsand

1Supeﬂ/i sory physical scientist, Pittsburgh Research Laboratory, National
Institute for Occupational Safety and Health, Pittsburgh, PA.

Design was organized. (The first workshop was held in Santa
Fe, NM, in 1992.) The proceedings of the second workshop
feature 15 invited papers from leading rock mechanics experts
in the United States, Australia, the Republic of South Africa,
the United Kingdom, and Canada. Minesinthesefivecountries
employ increasingly similar methods, including:

* Retreat longwall mining, usualy using large chain pillars;

* Room-and-pillar mining with continuous mining machines,
and

 Roof bolts for primary roof support.

The similarity of mining methods means that it is easier and
more valuable to transfer safety technologies like pillar design
from one country to another. Indeed, one of the striking fea-
turesof these proceedingsisthe convergenceof research results
across international borders.

Other trends affecting the mining industries of the five
countriesarea so reflected in these proceedings, some of which
have been lesspositive. Inthe 7 yearssincethefirst workshop,
underground production hasrisenin Australiaand the Republic
of South Africa, declined in the United Kingdom and Canada,
and remained steady in the United States. However, great
employment losses have occurred in al five countries because
of technological advances and dramatic productivity increases.

One consequence has been a significant decline in insti-
tutional support for mining research. Since 1992, the U.S. Bu-
reau of Mines (USBM), the Canada Centre for Mineral and
Energy Technology's (CANMET) Coal Research Laboratory,
British Coal's Headquarters Technical Division, and the South
African Chamber of Minesresearch department haveall closed
their doors. Government funding for mining research is now
indirect and open for competition everywhere, except in the
United States. In the United States, the National Institute for
Occupational Safety and Health (NIOSH) has taken up the
USBM's traditional mine safety research role, athough at a
reduced level, and continues to receive direct funding from the
U.S. Congress.

University mining departments have also been under pres-
sure due to fluctuating student enrollments, reduced research
funding, and ashortage of qualifiedjunior faculty. Lower prof-
it margins and a renewed emphasis on the bottom line has
meant that few mining companies now maintain any in-house
research capability. As the traditional sources of mining re-
search have faltered, in many cases private consulting firms
have taken up the challenge. Often staffed by former govern-
ment researchers and sometimes supported in part by govern-
ment contracts, consultantsare now often on the cutting edge of
research.



In comparing the proceedings of the second workshop with
those of the first [lannacchione et a. 1992], the most obvious
difference is that the current collection of papersisasimmer
volume. There are 15 papers in these proceedings, compared
with 23 in 1992. Australia, which in many ways has the
healthiest mining research community, is the only country to
see its representation increase (see table 1). Although the
number of papersfrom industry, government, and academiaall
decreased by at least 50%, the number of papers from private
consultants more than doubled.

Another consequence of the changed research environment
isreflected in the proceedings pervasive emphasison practical
problem-solving. Although about one-half of the papers at the
first workshop addressed issues of a more theoretical nature,
nearly every paper in the current collection uses case histories,
field measurements, and/or practical experience to develop
techniques for solving real-world pillar design problems.

The papers divide almost evenly between those that focus
primarily on the application of numerical modeling and those
that discussempirical formulasderived from statistical analysis
of casehistories(table 1). Of thenumerical modelers, two used
finite-difference methods (Gale, Cassie et a.), four used
boundary elements (Heasley-Chekan, Maleki et al., Zipf,
Karabin-Evanto), and one used finite el ements (Su-Hasenfus).
Field measurements feature prominently in six papers, with
Cassie et a., Colwell et a., and Gale monitoring stress and
deformation, Heasley-Chekan and Karabin-Evanto mapping
underground conditions, and Biswas et a. measuring changes
inrock strength.

In general, however, the similarities between the papers are
more striking than their dissimilarities despite the variety of
countries, author affiliations, and research methods. For
example, new empirical formulasare presented for theRepublic
of South Africa(van der Merwe), the United States (Mark), and
Australia(Galvineta.). Derived independently from different
setsof case historiesfrom around theworld, the threeformulas
are within 15% of each other (seefigure 1).

Five papers (Su-Hasenfus, Gale, Cassie et a., Mark, and
Colwell et a.) explicitly address the design of squat (large
width-to-height (w/h) ratio) pillars, primarily for protection of
longwall gateentries. All agreethat the strength of thesepillars
can vary widely depending on the roof, floor, and seam parting
characteristics. Moreover, the strength of the roof is often just
as important to the design process as the strength of the pillar
itself. The degree of consensus that has been achieved on this
complex topic isan important advance. At the other end of the
w/h scale, van der Merwe, Zipf, and Mark address slender
pillars and their potential for sudden collapse. Again, al three
reach similar conclusions regarding the importance of pillar
geometry and postfailure pillar stiffness.

The beginnings of a consensus are a so evident in one of the
oldest pillar design controversies—the value of compressive
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Figure 1.—Empirical pillar strength formulas derived from
case histories by Mark (U.S.A.), Galvin (Australia), and van der
Merwe (Republic of South Africa).

strength tests on coal specimens. Only two papers (Karabin-
Evanto and Maleki et al.) make use of laboratory tests to
eva uate seam strength. On the other hand, van der Merwe, Su-
Hasenfus, Cassie et d., Galvin et al., Gae, and Mark dll
conclude that variations in the uniaxial compressive strength
have little effect on the in situ pillar strength.

With the focus on pillar strength, it is important not to
overlook the other half of the design equation—theload. Gale
and Colwell et al. describe field measurements that shed new
light on the loads that occur during longwall mining. Heasley-
Chekan and van der Merwe address the effect of overburden
behavior on the pillar loading. Kramer et a. have extended
their fracture mechanics approach for estimating load
distribution to consider the effects of other kinds of supports.

Other special topicsthat are discussed in these proceedings
include the effect of weathering on long-term pillar strength
(Biswaset al.), the geol ogic and geotechnical factorsthat affect
the potential for coa bumps (Maleki et al.), thick-seam room-
and-pillar mining (Cain), multiple-seam minedesign (Heasley-
Chekan), and the strength of rectangular pillars (Galvin et al.
and Mark).

One fina comparison between the first and second
workshops is perhaps in order. The proceedings of the first
workshop [lannacchione et a. 1992] included papers from a
number of now retired individuals whose names have been
synonymous with pillar design for nearly 3 decades: Salamon,
Bieniawski, Wagner, Barron, and Carr. In many ways, their
contributionslaid the foundation upon which rests much of our
current understanding of coal pillars. Their retirement has left
alarge gap that cannot be filled (although it is hoped that they
will continue to contribute to the profession!). To paraphrase
Sir Isaac Newton, it is only by standing on the shoulders of
such giants that we can hope to achieve further progress.



Table 1.—Summary of papers for the Second International Workshop
on Coal Pillar Mechanics and Design

Primary author Country Affiliation Method

Biswas ....... Australia . . .. University ....... Empirical.

Cain ......... Canada ..... Mining company . . Empirical.

Cassie........ UK. Consultant . . ... .. Numerical.

Colwell ....... Australia . . .. Consultant . ... ... Empirical.

Gale ......... Australia . . .. Consultant . . ... .. Numerical.

Galvin ........ Australia . . .. University ....... Empirical.

Heasley . ...... USA. ...... Government .. ... Numerical.

Karabin ....... USA ...... Government . .... Numerical.

Kramer ....... USA ...... Government . .... Numerical.

Maleki ........ USA. ...... Consultant . . ... .. Empirical/numerical.

Mark ......... USA. ...... Government .. ... Empirical.

SU ... USA. ...... Mining company . . Numerical.

van der Merwe . South Africa . Consultant . ... ... Empirical.

Zipf .. ... .. USA. ...... University . ...... Numerical.
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A UNIQUE APPROACH TO DETERMINING THE TIME-DEPENDENT
IN SITU STRENGTH OF COAL PILLARS

By Kousick Biswas, Ph.D.,* Christopher Mark, Ph.D.,?
and Syd S. Peng, Ph.D.?

ABSTRACT

In generd, it cannot be assumed that the strength of coal pillars remains constant over long periods of time.
Field observationsindicatethat acoa seam, especially when it containsaparting layer, deteriorates over time,
reducing the load-bearing capacity of the pillars. This paper discusses a unique approach to determining the
time-dependent strength of coal pillarsinthefield. Threecoal pillarsthat were developed 5, 15, and 50 years
ago were chosen for the study. Holeswere drilled in coa and parting layersin each pillar, and the strength
profiles were determined for each hole using a borehole penetrometer. The strength data were treated
statistically to establish time-dependent strength equationsfor different layers. Theresultscan beusedto help
estimate the loss of pillar capacity over time.

*Lecturer, School of Engineering, University of Ballarat, Victoria, Australia.
2Supervisory physical scientist, Pittsourgh Research Laboratory, National Institute for Occupational Safety and Health, Pittsburgh, PA.
®Chairman and Charles T. Holland professor, Department of Mining Engineering, West Virginia University, Morgantown, WV.



INTRODUCTION

All manmade structures deteriorate over time; pillars in
underground coal minesare no exception. There are numerous
examples of coal pillars failing many years after they were
developed. Scrutiny of existing pillar design theoriesindicates
that few make any attempt to consider the effect of time.
Similarly, there is rarely an attempt to consider the
inhomogeneous nature of most coal seams. For example, the
classic pillar design methodology involves the following three

steps:
1. Calculate the vertical stress on the pillar:

s, - (HW%W,) (L%W,) | "
(WL)

where S, * vertica stress,

( © unit weight of the overburden,

H * depth of the seam,

W = pillar width (minimum pillar dimension),

L * pillar length (maximum pillar dimension),
and W, " entry width.

2. Calculate the pillar strength using Bieniawski's formula
[Bieniawski 1992]:

S, " 51[0.64%(0.36%]], @)

where pillar strength,

s, -

s -

and h *

in situ seam strength,
seam height.
3. Caculate the stability factor (SF) as

« Pillar strength . i 3
Pillar stress S )

v

The stability factor that is calculated using equations 1-3
assumes that—

« Thecoal strength is constant and does not deteriorate over
time; and
¢ Coal seams are homogenous.

Back-analyses of subsidence above abandoned mines using
the classic methodology have found that pillar failures have
occurred over a broad range of stability factors [Marino and
Bauer 1989; Craft and Crandall 1988]. Theimplication isthat
over time the standard pillar design methodology loses its
ability to accurately predict the strength of coal pillars.

Onerecent South African study focused on the phenomenon
of pillar scaling over time [van der Merwe 1998]. Twenty-
seven case histories of pillar failure, occurring as long as
15 years after mining, were included in the database. Three
parameterswerefoundtobestatistically significant: coal seam,
pillar height, and time to failure. The study concluded that the
scaling rate decreases exponentially over time and further
hypothesized that "the inner portions of the pillar, being
protected from the atmosphere, would then weather at alower
rate."

This paper describes a detailed study of the time-dependent
structural deterioration of coal pillars and proposes a meansto
estimate the strength reduction of the coal seam in situ by
taking into account the seam heterogeneity.

FIELD OBSERVATIONS

A survey conducted by West Virginia University, Depart-
ment of Mining Engineering, of room-and-pillar mines in the
eastern Appalachian region found that some of the coal seams
contain one or more mudstone or claystonelayerswith variable
thicknesses [Tsang et al. 1996]. For example, the Pittsburgh
and Twin Freeport Seams contain parting layers in the coal
seam. During field visits to several coal mines developed in
these seams, the conditions of many pillars in worked-out

districts, some as much as 100 years old, were visually
inspected. Most of the pillars did not show any apparent sign
of instability because of their large size compared to their depth
(stahility factors ranged from 2 to 12).

A more detailed inspection revealed several kinds of
weathering actions on the different layers of the coal seam with
varying degrees of severity. The following structural dete-
riorations were noticed on older pillars:



+ Conversion of mudstone/claystone layer to clay due to
prolonged exposure to the mine moisture;

» Squeezing of the softer parting layer by thetop and bottom
portion of the coal;

» Major peeling of the parting layer;

* Separation of the parting from the host coal along thedick
interfaces (perhaps the result of differential slippage); and

» Minor peeling of the top and bottom portion of the coal.

Figure 1 illustratesthis deterioration in the structure of apillar.

From the field observations, it was concluded that the
structural deteriorationsin both coal and parting are dependent
on time. From these observations, aided by some laboratory
studies and finite-element modeling [Biswas 1997], it was
possibleto postul ate a conceptual model of the time-dependent
strength profilesin the coal and parting layers (figures2 and 3).
Its assumptions are that—

o AR o di vty

Figure 1.—Peeling of weathered parting in coal seam.

* Thepillarsare not affected by any mining activity in their
vicinity; and

» The mgjority of the yield zones depicted in figures 2 and
3 aretheresult of the weathering action on the different layers
inthe pillar.
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Figure 2.—Conceptualization for strength deterioration for
parting. (Note: timel < time2 < time3.)
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Figure 3.—Conceptualization for strength deterioration for
coal. (Note: timel <time2 <time3.)

IN SITU DETERMINATION OF TIME-DEPENDENT STRENGTH

The goa of this study was to determine one set of time-
dependent strength profilesunder in situ conditions. A detailed
testing programwasdesi gned to establishthe strength reduction
in various layers of apillar in situ over time.

THE STUDY SITE

The study was conducted at the Safety Research Coal Mine
at the National Institute for Occupational Safety and Hedlth's
(NIOSH) Pittsburgh Research Laboratory. The Safety Re-
search Coal Mine was selected for the following reasons:

 Theoverburden depth isvery shallow, ranging from 15 to
18 m (50 to 60 ft); thus, any deterioration of the pillars is
attributable to the effect of weathering rather than stress.

e The mine is developed in the Pittsburgh Seam, and it
contains a parting of varying thickness (from 0.15to 0.3 m (6
to 12in)).

» The mine has accessible pillars devel oped as recently as
1991 and as long ago as the 1940s.

» Themineremainsmore or lessinactivein termsof mining
activities.



Three pillarswere chosen in the mine based on their current
conditions and the thickness of the parting. The three pillars
were developed 5, 15, and 50 years ago. Dueto other technical
difficulties, morefaces could not be chosen for thisexperiment.
Figure 4 showsthe mine plan and thelocation of the study sites.

THE APPARATUS

A borehole penetrometer (BPT) was used to measure the
strength profiles in the coal and parting layers. The basic
principle followed by the BPT isto fracture the borehole wall
by means of an indenter and record the pressure that initiates
thefirst fracture[Hladysz 1995]. Therecorded failure pressure
is then converted by a formula to determine the uniaxial

0 10 E

]
mimiminiuiaiy

compressive strength (UCS) at that location in the borehole.
The BPT's great advantages are that the rock strength is tested
in situ, and multiple tests can be conducted within a single
borehole [Zhang et al. 1996].

The BPT consists of the following components:

e Head

e Hydraulic pump with oil reservoirs and pressure
transducers

« Displacement indicator

» Four-wire electric cable

« High-pressure hydraulic hose with quick couplers

* Set of extension rods
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Figure 4.—Mine plan indicating three faces chosen for the BPT tests.
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TheBPT test setupisillustrated in figure 5. To perform the
test, the head of the deviceisinserted into a standard NX drill
hole with the help of a set of extension rods. Whenthehead is
positioned at the desired depth, the indenter is forced into the
borehole wall using the hydraulic pump. At the critical
pressure, the indenter penetrates the rock rapidly, making a
small crater around theindenter'stip. Thiseventisindicated by
arapid movement of the needle on the displacement indicator
and by a sudden drop in pressure (figure 6). In hard and brittle
rock, an audible sound is often associated with rock failure.
The critical pressure causing the rock to break is a function of
rock separation resistance (or penetration resistance).
Penetration resistanceis proportional to the material properties
of therock mass and the state of stresses. By repositioning the
head and repeating thetest procedures a ong the entirelength of
the hole, apenetration profile (or strength profile) for the tested
section of the rock mass can be determined.

To achieve accuracy, a pressure transducer, a data acqui-
sition module, and a digital readout unit are used. The failure
pressure and ram displacement datarecorded at aspecifiedtime
interval are stored during anindividual test and later transferred
to a computer to determine the failure pressure. A portable
battery-operated recorder unit records the collected data. The
pressure transducer that is connected to the hydraulic pump
generates the pressure signal; the displacement signal comes
from alinear variable differentia transformer (LVDT) that is
linked to the indenter. The recorded data are stored in the data
logger unit memory and later played back using a personal
computer driven by application software. The data from a
typica BPT test include the pressure, displacement of ram
or indenter, time and an identification for the hole No., test
depth, test date, etc. More details about the instrument, its
specifications, principles, and testing procedure can be found
elsewhere [Hladysz 1995].

THE EXPERIMENT
For each BPT test, the following steps were conducted:

1. Connect the hydraulic hosesto the head and to the pump.

Roof Line
Storage
Readout Box Module
Borehole
/fenetrometer
C o’ cti m
onnecting
‘Il)se Rods
DE'D—-

Floor Line

Hydraulic Pump

Figure 5.—BPT test setup.

2. Connect the cable to the head and to the data acquisition
displacement input terminals.

3. Connect the cable to the pressure transducer and to the
data acquisition pressure input terminals.

4. Set up the recording session parameters in the data
logger unit (e.g. date, ID No., etc.).

5. Insert the head into the borehol e and position the device
at the desired depth.

6. Closethe main valve of the pump.

7. Initiate adata recording session.

8. Increase pressure slowly at a constant rate, continuing to
pump until failure occurs.

9. Open thevalveto alow the indenter to retract fully and
stop recording.

10. Reposition the penetrometer head and repeat steps 4
to 9.

Two NX boreholes were drilled in each test pillar, one in
coal and one in the parting. The holes were each 3 m (10 ft)
long. About 15-20 tests were conducted along each borehole.
The testing frequency was higher near the pillar edge; it was
postulated that the rib edge would be more disturbed than the
intact central portion of the pillar. All of the data for each test
were collected in the storage module during the tests and later
transferred to acomputer for more detailed analysis. The data
for each test point were manipulated in a spreadsheet program,;
finally, a graph was plotted for each test point. The graph
consists of time on the X-axis, failure pressure on the primary
Y -axis, and the rel ative displacement rate of theindenter onthe
secondary Y-axis. Typical graphsfor the parting and the coal
areshowninfigures6 and 7, respectively. Thefailure pressure
in the hard rock, in general, is characterized by adistinct jump
(increase) in the ram displacement.

DATA ANALYSIS
The first step in analyzing the data was to determine the
failure pressures at al test points. Then, the following con-

version formulawas used to convert the failure pressure to the
ucs:

112
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Figure 6.—Typical raw BPT test data analysis for parting.
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ucs = (K ks, 4
where F, " strength factor,
and P, " failure pressure from the BPT test.

For coal, the value of the strength factor was 1.25, as suggested
by Zhang et al. [1996]. For the parting, a value of 1.00 was
used based on laboratory studies of the cores of the parting
obtained from the BPT test holes [Biswas 1997].

The scatter plots of the converted strength values were
obtained for each holein each face. Because these scatter plots
showed considerable variability in the trend of the strength
deterioration, whichisatypical characteristic of any experiment
conducted in situ, a curve-fitting program called Curve Expert
was used to fit the best curve with the highest correlation
coefficient. Figures 8-10 illustrate the best-fit curves for the
parting, and figures 11-13 illustrate the best-fit curves for the
coal for al three faces.

Thegeneral form of all of the best-fit equationsfor both coal
and parting is

351 25
o b
o~ 281 | Pressure ! 20 o
£ el <
L — e 15 =
2 210 | Total Piston Movement o £
@ — o 1 g
- Il —
7 140 | Relative Displacement .+ =1
a o 5 £
g ,fv,r o o
70 }
DY OSSR SUIN (RURSPURP | SO D
VJ/F ! ' 0 a
wfip,' |
0 -5
0 10 20 30 40 50
Time, sec

Figure 7.—Typical raw BPT test data analysis for coal.

y " a(l1.01&e%), (5

where  aand b are the coefficients,
y isthe failure pressure or the strength,
and x isthe depth (in this case, the range is from 0.06 to

3m (0.2 to 10 ft).

The negative exponential and its negative power give the
best-fit curves their asymptotic form.  The correlation
coefficientsfor thebest-fit equationsfor the parting and coal for
each age group are 0.84, 0.85, 0.89 and 0.96, 0.88, 0.94,
respectively.

For the parting, the gradient in the weathered zone for the
younger faceisinitially steeper, but the dlopeflattensasthe age
increases. Thischangein strength gradient beforeit reachesthe
intact or stabilized strength is considerable. The weathered
zone apparently expands from 1 to 3 m (3.2 to 10 ft) over the
50 years. For coal, the strength gradient for al of the age
groups is steeper than that of the parting, and the expansion of
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Figure 9.—Best-fit curve for 15-year-old parting.
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the weathered zone is much less (from 0.2 to 1 m (0.7 to
3.2ft)). Thesefindingsfit the conceptual model of the strength
degradation for parting and coal over time described earlier.
Figures 8-13 aso indicate that there is some borehole-to-
borehole variability in the intact strength measured in the
interior of the pillars for both the coal and the parting. This
variability may be attributed to natural variability between the
three different faces. Inorder to generalize the results, the data
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from each borehole were normalized to the measured intact
strength.  The normalized strength curves are shown in
figures 14 and 15.

FORMULATION OF TIME-DEPENDENT
STRENGTH DETERIORATION

The BPT data can be used to derive a time-dependent
strength formulafor the pillarsin the study. Using the best-fit
equations shown in figures 14-15, data sets were generated for
each material for all three ages. The data sets were generated
for the depth ranges from 0.06 to 3 m (0.2 to 10 ft). No data
could be generated right at the ribline because no BPT tests
were conducted there. A nonlinear regression analysis was
conducted on these data sets separately for the coal and for the
parting with two independent variables (time and depth) and
one dependent variable (strength). A freeware software called
NLREG34 was used to perform the nonlinear regression.
Equation 6 isthe stress gradient for the parting, and equation 7
isthe fina equation for coal:
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Figure 14.—Time-dependent strength deterioration for parting.
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% parting strength * 100 (1.01 & €*°°P) & 0.45t  (6)
% coal strength * 100 (101 & €259) & 0.13t  (7)

where D " depthintotherib, ft,

and t ® timeafter mining, years.

In these equations, the strength is defined as a percent of the
origina intact compressive strength that is assumed to be
constant in the core of the pillar. Near therib, the strengthisa
function of the distance from the rib (depth) and the time after
mining. The relationship between the strength and the depthis
a negative exponential, but that between strength and time is
linear.

Unfortunately, applying these time-dependent strength
equations to predict the strength of full-scale pillars is not
simple. Threeissues are foremost:

1. Effect of parting thickness: If the parting is the pillar's
weakest layer, asin this study, then athicker parting would be
expected to result in aweaker pillar.

2. Effect of parting on confining stress within the pillar:
Most of the load-bearing capacity of a coal pillar is due to the
development of confining stresswithinthepillar'score. Studies
have shown that many pillars contain weak layers of clay or
friable coa, but their effect on overal pillar strength is
ambiguous [Mark and Barton 1996].

3. Nonlinear effect of time: In reality, the rate of strength
degradation probably decreases with time, as suggested by van
der Merwe [1998]. Because this study included only three
pillars, it was difficult to quantify the nonlinear relationship
between time and strength.

Nevertheless, if thelimitations of the necessary assumptions
are kept in mind, it is possible to use the strength gradient
equations to shed light on the possible effects of time on coa
pillar stability. Thefollowing exampleillustrates one possible
approach. The key assumption is that at any particular time,
the distance from the actual pillar rib and the depth at which
the strength is 60% of the intact strength will be considered as
the width of the portion of the weathered zone that is not
capable of carrying any load and thustransferstheload on the
intact portion of the pillar. The effect of thisassumptionisthat
the pillar's strength is decreased over time as the width-to-
height ratio diminishes, whereas the applied stressincreases as
the pillar's load-bearing areais reduced.

To calculate the time-dependent stability factor, the follow-
ing steps are followed:

1. Cdculatetheoriginal stability factor using equations 1-3.

2. Determine the strength profile at a specified time using
equation 3 or 4, and determine the depth of weathering (where
the strength is 60% of the intact).

3. Calculate the resultant pillar width by subtracting the
depth of weathering from the original pillar width.

4. Recalculate the applied stress using equation 1 and the
new pillar dimensions.

5. Use equation 2 to determine the new pillar strength and
equation 3 to calculate the reduced stability factor at the
specified time.

6. Repeat thisprocessto determinetheapproximatelifespan
of the pillar.

For example, assume the following parameters:

» The overburden depth is 244 m (800 ft).

e The pillar is a sguare pillar with a 15.2-m (50-ft)
dimension.

e The seam height is 1.8 m (6 ft).

e Theentry width is 6.1 m (20 ft).

e Theinsitu seam strength is 6.2 MPa (900 psi).

Because the parting is the weakest layer of the seam in this
case, to be on the conservative side, equation 6 (for the parting)
is used to determine the strength profile and also the width of
yielded zone due to the weathering process. From a statistical
point of view, it isrecommended that equations 6 and 7 be used
within the same time range as the original field data used in
their development, i.e., 5to 50 years [Myers 1990].

Figure 16 illustrates the changes in strength and applied
stress over time. Where the two curves meet, a time *
35 years, the stability factor is 1.0, which means that the pillar
has a 50% chance of failing before that time.

Pillar Strength

Stress or Strength (MPa)
\
\

10 T T L4 T T T T T T T T T

0 5 10 20 30 40 50
Time (years)

Figure 16.—Safety factor reduction over time.
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CONCLUSIONS

The use of the BPT to measure the in situ time-dependent
strength isthe unique feature of thisstudy. It generated a set of
insitu strength datain arelatively simplefield-testing program.
Thein situ data were used to devel op time-dependent strength
equations for coal and parting layers. An example case was
used to demonstrate the use of these equationsin predicting the
change of stahility factor over the years.

The parting material weathered much more rapidly than the
cod. Thisimpliesthat much of the observed between-seam
variability in long-term pillar strength may be due to the
presence or absence of partings in the coal. However, this
study only addressed a single type of parting material within a
single coal seam. Much work remains before the effect of time
on coa pillar strength is fully understood.
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DEVELOPMENTS IN COAL PILLAR DESIGN AT SMOKY RIVER
COAL LTD., ALBERTA, CANADA

By Peter Cain, Ph.D., P.Eng.!
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ABSTRACT

Smoky River Coal Ltd. mineslow-volatile metallurgical coal by surface and underground methods in the
foothills of the Rocky Mountains of Alberta, Canada. Current underground operations are confined to the
5B-4 Mine. Development of 5B-4 began in January 1998; production from depillaring sections commenced
in July 1998.

This paper describesthe history of underground mining on the Smoky River property intermsof extraction
methodsand pillar design. Thedevelopment of the present pillar design guidelinesisdiscussed inthiscontext.
Recent work to prepareanumber of casehistoriesfor back-analysisusing the Analysisof Retreat Mining Pillar
Stability (ARMPS) method is described, along with the modifications devel oped for calculating the ARMPS
stability factor for retreat extraction of thick seams. The design criteria are described, as well as the
geotechnical program implemented in order to verify its applicability.

TSenior ground control engineer, Smoky River Coal Ltd., Grande Cache, Alberta, Canada.
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INTRODUCTION

The Smoky River Coalfield is located in west-central Al-
berta, Canada, within the inner foothills of the Rocky Moun-
tains. Themineisapproximately 20 km north of Grande Cache
and 360 km west of Edmonton (figure1). Most of the property
is contained in a block approximately 29 km long by 19 km
wide. Thecoal leases cover about 30,000 ha. Thegeneral mine
layout is shown in figure 2. Underground mining is currently
located in the 5 Mine area.

The coa seams and surrounding strata are within the Gates
Formation (of the Lower Cretaceous Luscar Group) and outcrop
near the mine. The Gates Formation is divided into three mem-
bers. Torrens, Grande Cache, and Mountain Park (figure 3). The
Torrens is a distinct marine sandstone and siltstone sequence
about 30 m thick. It isoverlain by the Grande Cache Member,
which consists of approximately 158 m of nonmarine siltstones,
sandstones, mudstones, and all of thesignificant coal ssamsinthe
area. The Grande Cache Member is overlain by the Mountain
Park Member, which consists of 155 to 192 m of nonmarine
sandstones, mudstones, siltstones, and minor coal seams.

The predominant structure of the coalfield strikes northwest
to southeast and comprises thrust sheets containing folded
layers of competent sandstone and siltstone units, incompetent
mudstone, and coal. Dips vary considerably, from horizontal
to overturned. Underground mining by room-and-pillar
methodsisrestricted to areaswherethe strata dip lessthan 16°,
whichisthe practical limit of continuous miner and shuttle car
operation. The orientation of the underground mine workings
in figure 2 gives a clear indication of the structura

BRITISH
COLUMBIA

ALBERTA

@ Grande Prairie

SMOKY RIVER COAL

Edmonton

Figure 1.—Location of Smoky River Coal Ltd.

environment; the workings are either faulted or steeply folded
off on the northeast and southwest limits of mining.

The significant coal seams present are numbered from the
lower (older) to the upper (younger) and comprisethe 4, 8, 10,
and 11 Seams. 4 Seam has been mined extensively (figure 2)
using conventional room-and-pillar mining techniques. 8 and
11 Seams are not considered economica to mine because of
thickness and low quality. Mining in 10 Seam has been at-
tempted, including twolongwall panel sabove 9G-4 Mine; how-
ever, aweak immediate roof comprising two 0.6-m coal seams
in the first 2 m of strata has always presented stability
problems.

NO. 9 MINE

2000 4000

Figure 2.—Site layout.
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Figure 3.—Generalized stratigraphic column, Smoky River
Coalfield.
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HISTORICAL MINING METHODS AND PILLAR DESIGN

Underground mining at Smoky River Coa Ltd. (SRCL)
commenced in 1969 in 5-4 and 2-4 Mines. The initial intent
wasto develop for longwall extraction; however, two early at-
tempts at longwall mining failed and retreat room-and-pillar
extraction became standard.

The original mining method was to devel op three 6-m-wide
entries on 30-m centers from the portal to the limit of mining,
generally along strike, with crosscuts at 30-m centers. Parallel
sets of entries were driven separated by 50-m barrier pillars
(figure4). Onreaching thelimit of mining, theroad and barrier
pillars were split along strike to form blocks approximately
12 m wide and mined using an open-ended "Christmas tree"
method, taking 6-m passes each side with a conventional con-
tinuous miner. This method, described in more detail by
Wright [1973], worked well in 2-4 Mine, but was unsuccessful
in5-4 Mine dueto theweaker roof and pervasivethrust faulting
in and above the coal seam.

In the early 1970s, a mgjor geotechnical investigation pro-
gramwaslaunched to assist mine staff in planning pillar dimen-
sionsand support. Extensiveload and deformation monitoring
was conducted [Bielenstein et a. 1977]; concurrent testing by
air injection investigated the development of yield and elastic
zones within cod pillars [Barron et al. 1982].

Intheearly 1980s, the many disadvantagesof thethree-entry
system were overcome by adopting a five-entry system (fig-
ure 4B) with short-life panels[Robson 1984]. Panels compris-
ing five parallel entries were developed off of main develop-
ment sections. Thismining method depended for itssuccesson
the stability of pillars separating the panels and pillarsthat pro-
tected the main entries from the depillared areas. In fact, five
types of pillars were recognized:

» Barrier pillars between mining panels;

» Entry pillars protecting the main entries;

» Pandl pillars formed during the development of mining
panels;

o Split pillars formed by splitting panel pillars prior to
depillaring; and

*  Remnant pillars, thediminishing remnantsof split pillars
formed during depillaring operations.

Tolerable probabilities of failure were estimated for each
pillar type, and anempirical design criterion wasdevel oped that
took into account thisprobability of failure[Barron et a. 1982].
Favorable trials of the five- entry system in A Mine (figure 2)
resulted in its adoption in 9H and 9G Mines. Further refine-
ment of pillar design methods, relying heavily on practical
experience and a comprehensive review of pillar design meth-
ods from around the world, resulted in a design nomogram
[Kulach 1989]. The method was based on the tributary area
method of load cal cul ation (considered to represent the best and
sofest estimate of the loads developed on pillars) and
Bieniawski's [1983] method of determining pillar strength.

Mining continued in the late 1980s and 1990s in 9H and
9G Mines using this method of pillar design. The small
resource block exploited by the LB-4 Mine necessitated a
change in method, with entries devel oped to the farthest extent
and retreated back, but al three mines were successful from a
pillar stability standpoint.

In 1997, plans were developed to exploit a previously
untouched parcel of coal to the north of the old 5-4 Mine. The
shape of the resource block, 370 m wide by 2,500 m long,
bounded by steeply dipping thrusted zones to the northeast and
southwest, largely dictated the mining layout, which is shown
infigure 5.

During the planning stages of the mine, it was soon realized
that conditions would be very different from the more recent
underground operations, which were carried out at shallow to
moderate depths under a competent sandstone roof. The
proposed 5B-4 Mine would operate at depths of up to 550 m
and beneath aroof affected by pervasive thrust faulting. Both
pillar design and roof support requirements necessitated re-
evauation for the operation to be successful.

Although the SRCL pillar design criterion had been used
successfully in a number of mines, it had some obvious dis-
advantages with respect to its application in 5B-4 Mine:

e Thenomogramisrestricted to 12-m-wide by 3.6-m-high
pillars and 6-m-wide roadways.

e Themethod isbased on astrength calculation for square
pillars and severely underestimates the strength of rectangular
pillars.

» Thedesign criterion is based on U.S. methods that have
undergone substantial modification in the past 10 years.

District 1

TSNS S NS 777 7
7 WX W7 Portals

District 3

In Development ‘%Z% Fuli Dip

B In Development

LY G ALY T LA,
VW T AT FAHFTF 7 Portals

Full Dip

District 2

District 1

Figure 4.—Development of mining methods. A, three-
entry system, long-life panels; B, five-entry system, short-life
panels.
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Figure 5.—Layout of 5B-4 Mine. (Elevation in feet.)

Mining plansfor 5B-4 included rectangular pillarsranging
from 15 m to 36 m wide and 3.6 m high, standing between
4.9-m-wide roadways, which lay outside the empirical basis of
the design nomogram. Although a nomogram for 5B-4

parameters could have been devel oped, the availability of more
recently devel oped design methodsthat specifically addressthe
strength of rectangular pillars warranted consideration of a
change in design approach.

ANALYSIS OF RETREAT MINING PILLAR STABILITY (ARMPS)

Themost recent development in pillar designinthe United
States is the Analysis of Retreat Mining Pillar Stability
(ARMPS). ARMPSwas devel oped by theformer U.S. Bureau
of Mines [Mark and Chase 1997] based on extensive case
history data. ARMPSisavailableasaWindows95™ software
package and has the following advantages over previous
methods used by SRCL.:

» The increased load-bearing capacity of rectangular
pillarsover that of square pillars of the samewidthistakeninto
consideration.

»  The load-bearing capacity of diamond- or parallelo-

gram-shaped pillarsis taken into consideration.

two gobs. Mark and Chase [1997] present afull description of
the methods used to calculate pillar loading and pillar strength

< ARMPS dlows for an analysis of the stability of
pillarsin the active mining zone (AMZ) during development,
during retreat, and with gobs on one or both sides.

e The effect of depth on abutment loading, based on
angles of caving, is considered.

* Theeffect of dabbingtheinterpanel pillar onpillarsin
the AMZ is considered.

ARMPS is a very flexible method of analysis. The soft-
ware allows the user to input al of the maor parameters
relating tolayout, mining, and pillar dimensionsand | ocation of
any worked-out, caved areas. It aso alowsanaysisof changes
in pillar stability as aresult of mining progress, from devel op-
ment to the extraction of coal pillarsalongsideagob or between

in the ARMPS program. The principal output of the program
isthe stability factor (SF), whichisthe product of the estimated



load-bearing capacity of pillars in the AMZ divided by the
estimated |oad on those pillars.

The concept of the AMZ followsfrom ahypothesisby Mark
and Chase [1997] that pillars close to the retreat extraction line
behave together as a system, i.e,, if an individua pillar is over-
loaded, load istransferred to adjacent pillars. If these are of ade-
guate size, the system remains stable, otherwisethe pillarsfail in
turn, resulting in adomino-typetransfer of load and pillar failure.

The size of the AMZ is afunction of depth, H, based on
measurements of abutment zone widths conducted by Mark
[1990], which showed that 90% of abutment loads fall within
adistance 2.8/H from the gob edge.

U.S. case history data indicate that where the ARMPS SF
is <0.75, nearly al of the designs were unsatisfactory; where
the SFis>1.5, nearly al of the designs were satisfactory. For
the deeper case histories, therewas some evidencethat stability
factors can be lower and till ensure overal pillar stability. In
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addition, case histories with less competent roof rock were
more stable than those with stronger roof strata, as this
promoted pillar squeeze or burst activity.

Despite its utility and comprehensive analytical method,
ARMPS has several drawbacks when applied to SRCL
conditions:

e Case histories were confined to U.S. mines. Aswith
any empirically based design method, this presentsproblemsin
application outside the case history environment.

e The case history database extends only to depths of
about 1,100 ft, and only afew case histories were obtained at
this depth of cover.

* None of the case histories matched the seam thick-
nesses mined at SRCL (up to 6 m).

After discussions with the developers of ARMPS [Mark
1998], it was decided that in order to confirm the applicability
of ARMPSto SRCL operations, aseriesof calibration analyses
based on depillaring operations in the coalfield was required.

BACK-ANALYSIS OF CASE HISTORIES

Mine plans from 9G, 9H, and LB-4 Mines (figure 2) were
reviewed, and relevant mining data were extracted to develop
aseries of case histories. Each case history was then analyzed
using the ARMPS method, and safety factors were recorded
and compared to the existing U.S. case history database.

In order to consider the extraction of thick seams as prac-
ticed at SRCL, the caculation of the SF was modified.
ARMPS alows input of a single working thickness; in most
SRCL depillaring operations, however, there are two mining
heights. During development, the mining height is 3.7 m;
during depillaring, themining heightis6.1 m. Thisvariationin
mining height hasamarked effect on pillar stability through the
height/width ratio of the pillars. Rationally, load shed to the
AMZ from the 6.1-m-high pillarsin the mined-out areaismore
effectively controlled by thepillarsof 3.7-mheightintheAMZ.

Inorder totakeinto account thisvariationinmining height,
ARMPS stability factors and details of pillar loading were
calculated for extraction heights of both 3.7 mand 6.1 m. The
SRCL stahility factor was derived as follows:

(@ Thepillar load transferred to pillarsin the AMZ for a
mining height of 6.1 m was determined using ARMPS,

(b) Theload-bearing capacity of pillarsinthe AMZ for a
mining height of 3.7 m was determined using ARMPS.

A stability factor was calculated as: (b) divided by (a).

Table 1 presents details of the mining parametersfor each
of the case histories considered, aswell as the stability factors
obtained. Figure 6 compares the SRCL stability factors with
those obtained from the published U.S. database [Mark and
Chase 1997] and indicates that SRCL stability factors repre-
senting satisfactory conditionsrangefrom0.47to 1.74, withthe
majority (66%) in the range of 0.5t0 1.0.

Loca mining conditions provided some assurance that the
low SF values were valid. Firstly, the lowest values occurred
a the greatest depth; it has been recognized that acceptable
stability factors appear to be lower at depth, perhaps due to the
influence of horizontal stresses in reducing the pillar loading.
Secondly, the SRCL case histories are characterized by a
strong, competent roof; under such conditions in the United
States, acceptable pillar stability was obtained at lower values
of the calculated SF.
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Table 1.—Summary of SRCL case histories analyzed using the ARMPS method

ARMPS  Load shed ARMPS Capacit
Mine District Def‘:th' SF to AMZ, SF of AMZ, SEEL coan()j?t(ijon
(6.1 m) tons (3.7.m) tons
LB-4 ..... Mine 580 1.35 5.83E+6 1.99 1.16E+7 1.56 2
9H-4 .. ... SW2 390 1.23 1.18E+6 1.80 2.05E+6 1.74 3
9H-4 ... .. SW3 485 1.35 1.69E+6 0.92 1.63E+6 0.96 3
9H-4 ... .. sSw4 575 0.73 2.44E+6 1.12 2.49E+6 1.02 3
9H-4 ... .. SW5 660 0.56 3.43E+6 0.89 2.69E+6 0.78 3
9H-4 ... .. SW6 715 0.49 4.05E+6 0.77 2.77TE+6 0.68 3
9H-4 ... .. SwW7 755 0.61 4.71E+6 1.04 4.14E+6 0.87 3
9H-4 ... .. sSws8 832 0.50 6.11E+6 0.79 4.35E+6 0.71 3
9H-4 ... .. SW9 932 0.35 4.60E+6 0.53 2.30E+6 0.50 3
9G4 ..... SW2 560 0.85 2.05E+6 1.27 2.46E+6 1.20 3
9G4 ..... SW3 650 0.58 3.26E+6 0.94 2.65E+6 0.81 3
9G4 ..... Sw4 730 0.49 4.10E+6 0.80 2.83E+6 0.69 3
9G4 ..... SW5 745 0.51 3.98E+6 0.85 2.83E+6 0.71 3
9G4 ..... SW6 780 0.51 4.01E+6 0.88 2.90E+6 0.72 3
9G4 ..... SW7 840 0.41 5.21E+6 0.69 2.97E+6 0.57 3
9G4 ..... SW8 885 0.37 5.84E+6 0.62 3.05E+6 0.52 3
9G4 ..... SW9 920 0.34 6.56E+6 0.51 3.11E+6 0.47 3
9G4 ..... SwW10 915 0.34 6.49E+6 0.53 3.10E+6 0.47 3
3
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Figure 6.—Comparison of U.S. and SRCL stability factors.
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DEVELOPMENT OF A DESIGN CRITERION

After considering the results of the case history analysis,
it wasdecided to usethe ARMPS method to assist in pillar design
at 5B-4 Mine. Appropriate engineering practice in such casesis
to design to the minimum SF that resulted in stable conditions.
Evidence suggeststhat apillar design resulting inan ARMPS SF
of $0.5 would be stable in Smoky River Coalfield conditions.
A more conservative SF of 0.7 was established.

A further limitation was imposed after an analysis of the
pillar stresses on the gob corner pillar. Thispillar, located ad-
jacent to both the active retreat section gob and the barrier pillar
between the active panel and the old gob, is subjected to the
highest stresses and is therefore more prone to failure. The
primary concerninthiscaseisthethreat of coal bumpsor pillar
burst, resulting in thetransference of loadsto adjacent pillarsin
the AMZ and possibly massive failure.

ARMPS analyses of SRCL case historiesrevealed that the
maximum stress experienced on any gob corner pillar was
about 41 MPa. At this stress level, the pillar proved to be
stable.

A third criterion was adopted based on the size of pillars
analyzed from the case histories. The minimum pillar size anal-
yzed was 12 m wide between 6-m roadways. Maintaining this
extraction ratio for the 4.9-m-wide roadways employed at
5B-4 Mine precluded the use of ARMPSfor pillars<9.7 mwide.

Based on the ARMPS output from the case history data
compiled from previous pillar retreat mining in the Smoky River
Codfield, the following design criterion for pillarsis suggested:

e The ARMPS SF should be maintained above 0.7.

e The maximum stress on the corner pillar should not
exceed 41 MPa (6,000 psi).

e Pillar widths must not be <9.7 m.

It was redlized that the ARMPS-derived design criterion
was also limited in application, specifically to the depths en-
countered in the case history analysis. With depths of cover
projected to exceed those of the case histories by 50%, there
was an element of uncertainty with respect to the applicability
of the design criterion. Thisis currently being addressed by a
geotechnical program that includes pillar stress monitoring,
numerical modeling, and continuing assessment of the design
criterion.

Vibrating wire stress cells, el ectronic convergence meters,
and an |. S. Campbell datalogger have already been deployed
at three monitoring sitesto collect dataon the effects of mining
on pillar stability. Two of the sites monitored stress changes
while the site was being "mined by" during the development
phase. Itishoped that these two siteswill provide valuablein-
formation on the strength of the coal pillars monitored.

Results are till being evaluated; however, indications are
that the design criterion is applicable. Further siteswill be es-
tablished as mining progresses, and the results will be in-
corporated into the design criterion.

SUMMARY

Development of pillar design methodsat SRCL 'sunderground
operation has proceeded with devel opmentsin the mining method.
The extension of mine workings to previoudy unencountered
depthsat the new 5B-4 Mine hasresulted in arequirement to devel -
op pillar design methods to match the new mining environment.

Pillar designs are currently being based on the results of
a back-analysis of case histories using the recently developed

ARMPS method. As with any empirical method of design,
prudent engineering practicedictatesthecollectionand analysis
of pillar behavior information for design verification. Mon-
itoring results already obtained are being analyzed to improve
the design criteria. Future sites will collect data from greater
depth and adjacent to more extensive workings.

REFERENCES

Barron K, Wright PL, SmalesT [1982]. Guidelinesfor the design of coal
pillars in the No. 4 seam at Mclntyre Mines Ltd., Grande Cache, Alberta
Paper presented at the First International Conference on Stability in
Underground Mining (Vancouver, British Columbia, Canada).

Bielenstein HU, Wright PL, Mikalson D [1977]. Multi-seam mining at
Smoky River. Paper presented at the Sixth International Strata Control
Conference (Banff, Alberta, Canada).

Bieniawski ZT [1983]. New design approach for room-and-pillar coal
mines in the U.S.A. In: Proceedings of the Fifth ISRM Congress on Rock
Mechanics. Balkema, pp. E27-E36.

Kulach J[1989]. Smoky River Coal Ltd. pillar design criteria. SRCL
internal report, May.

Mark C[1990]. Pillar design methods for longwall mining. Pittsburgh,
PA: U.S. Department of the Interior, Bureau of Mines, |C 9247.

Mark C [1998]. Personal communication between C. Mark, Pittsburgh
Research Laboratory, National Institute for Occupational Safety and Health,
and P. Cain, Smoky River Coal Ltd.

Mark C, Chase FE [1997]. Analysis of retreat mining pillar stability
(ARMPS). In: Proceedings - New Technology for Ground Control in Retreat
Mining. Pittsburgh, PA: U.S. Department of Health and Human Services,
Public Health Service, Centers for Disease Control and Prevention, National
Ingtitute for Occupational Safety and Health, DHHS (NIOSH) Publication
No. 97-122, 1C 9446, pp. 17-34.

Robson TA [1984]. The application of improved room-and-pillar
techniques at Smoky River Coal's underground operations. SRCL internal
report, August.

Wright PL [1973]. Layout of continuous mining operationsinthe Smoky
River Mines. CIM Bulletin, March.



COAL PILLAR DESIGN FOR LONGWALL GATE ENTRIES

By John W. Cassie,! Peter F. R. Altounyan, Ph.D.,? and Paul B. Cartwright®

23

ABSTRACT

This paper describes measured data on strata behavior obtained in recent years from sites in the United
Kingdomand theimplicationsfor pillar design. The datainclude resultsfrom overcoring stress measurements
adjacent to coal mine roadways and deformation monitoring related to longwall extraction. The stresses
adjacent to mine roadways or entries have been measured at a number of coal mine sites in the United
Kingdom. Theresultsare analyzed with regard to theinformation they provide on pillar behavior and strength
estimates.

A reduction in stress consistent with yielding of the strata adjacent to the roadways is evident. Thisis
consistent with the confined core model for pillar behavior. The pillar strength is dependent on the rate at
which vertical stress can increase with distance from the pillar edge and hence the confinement provided to
the yielded material.

The measured dataindicate awide rangein pillar strengths. Two groups of results areidentified that show
significantly different behavior corresponding to differing effective pillar strengths. Estimates of pillar
strengths derived from the measured datafor these two groups are compared with established equations used
for pillar design.

Thediffering behaviorsand strengths are attributed to variationsin the amount of yielding and deformation
in roof and floor strata and hence in the amount of confinement they provide to the coal seam. Numerical
modeling is used to provide a comparison with the measured data and to indicate that this provides afeasible
mechanism to account for the measured data.

As the depth of mining increases, pillars tend to become increasingly wide and squat. In such cases, itis
possi blefor the surrounding roadwaysto become badly deformed and damaged whilethe pillarsremain stable.
Thecriteriaof comparing pillar strengths and loadsto establish pillar stability becomeless applicablein these
circumstances; rather, considerations of roadway stability may be the limiting factor in determining suitable
pillar dimensions.

Thisisthe case for pillar dimensions typically employed around longwall panelsin the United Kingdom.
Depending on the properties of the site and what are deemed to be satisfactory roadway conditions, this can
lead towidevariationsin required pillar dimensions. Measured datafor deformationsin roadwaysinfluenced
by adjoining longwall workings are presented. These show that in some circumstances the influence of
longwall extraction can be transmitted over large distances and confirm the variability in required pillar sizes
depending on site properties.

ISenior engineer.
2General manager.

SEngineer.

Rock Mechanics Technology Ltd., Burton-on-Trent, United Kingdom.
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INTRODUCTION

There are many equations and methods for designing coal
pillars; these include back-analyses of failed and successful
case histories, extrapolation from strength tests on small-scale
coal samplesto full-size pillars, and analytical consideration of
the limiting stress distribution across the pillar. The latter
approach would nowadays normally involve the use of
numerical modeling. In many instances, acombination of these
approaches is adopted.

The range of methods developed can be accounted for by
the wide range of geological conditions encountered under-
ground and the different functions that coal pillars must fulfill
in different mining methods. It would beremarkableif asingle
design equation wereapplicableto theentirerange of coal pillar
typesand conditions. Thedesign approach empl oyed should be
relevant to both the geological conditions at the site and the
function of the coal pillar being considered.

Stress measurements provide a tool that can assist in the
study of pillars. Comparison of the results from different sites
shows awide range of potential strata conditions and resulting
pillar characteristics. For pillars of moderate widths sufficient
to alow the development of confinement within the coal, the
stress measurements can be used to obtain estimates of the
available pillar strengths or load-bearing capacities.

For wider pillars employed in deeper minesand with long-
wall layouts, characterizing pillars simply by their strength is
less applicable. Such pillars are unlikely to fail in the sense of
collapsing. However, the size of pillar employed can have a
magjor influence on conditions in the surrounding entries. In
this case, the distribution of stress within the pillars becomes
more relevant, and the performance of pillars can be assessed
by itsimpact on deformations and support requirementsin the
surrounding entries.

STRESS MEASUREMENT DATA

M easurement of stresses providesanother tool for studying
pillar behavior. During recent years, the stresses adjacent to
mine roadways or entries have been measured at a number of
coa mine sitesin the United Kingdom. The results have been
analyzed, and estimates of pillar strengths derived from them
were compared with established pillar design equations[Cassie
et a., in press|. The data and main points of the analysis are
discussed here.

The general form of the results obtained was consistent
with the confined core concept—the stresses are reduced
immediately adjacent to theribside and increase deeper into the
strata.  They provide a measure of the rate of increase of
vertical stressactually obtained underground and can bestudied
with regard to their implications for the potential strength and
behavior of pillars at sites where the confined core concept is
considered valid.

Twenty sites have been included in this analysis where
there were sufficient reliable results to allow the stresses to be
characterized. At these sites, 63 stress measurements were

available; they were carried out by overcoring hollow inclusion
stress cells. Relevant data on the 20 sites are presented in
table 1; individua test results are listed in table 2. Although
only thevertical stresscomponent hasbeenusedinthisanaysis
and listed in the table, the measurement technique employed
providesall six stress components. Knowledge of these can be
invaluable in assessing the reliability of individual tests and
interpreting overall behavior at a site.

Theresultswere collated from severa field investigations
that have been previously reported and analyzed on a site-by-
site basis[Hendon et al. 1995; ECSC 1997a, 1997b, 1998]. In
several instances, the primary objective of the measurements
was to investigate mine entry, rather than pillar behavior. The
extraction geometries varied widely, including individual
entries unaffected by other mine openings, twin-entry
developments, room-and-pillar panels, and yield pillars.
Working depths at the sites ranged from <200 m to >1,000 m.
Site T was located at Jim Walter Resources, Inc.'s No. 7 Mine
in Alabama; al other sites were in the United Kingdom.



Table 1.—Measurement sites

. Deph, Seam  Roadway N .
Site m ’ height, height, Mining geometry Deformation level
m m
A .. 620 7.5 3.5 Single-entry gate road . . . .. High.
B .. 500 3.0 2.9 20-mpillar ... High.
C.. 500 3.0 2.9 30-mopillar .............. High.
D.. 480 25 2.7 30-mopillar .............. High.
E .. 950 2.2 2.8 20-mpillar ... High.
F .. 950 2.2 2.8 Single-entry gate road . . . .. High.
G.. 900 2.2 3.0 Single-entry gate road . . . . . High.
H.... 800 15 3.0 Irregular pillar . .......... High.
oo 950 2.4 3.0 60-mpillar .............. High.
J .. 840 2.2 2.8 Single-entry gate road . . . . . Low.
K.. 840 2.2 2.8 Yield pillar trial . . ... ...... Low.
L .. 320 2.8 2.9 Single-entry gate road . . . .. Low.
M.. 400 3.0 3.7 Trunk roadway .......... Low.
N .. 480 2.7 2.6 Single-entry gate road . . . . . Low.
o.. 560 25 2.9 Single-entry gate road . . . . . Low.
P .. 700 2.0 4.0 Trunk roadway .......... Low.
R. 1,060 2.6 3.0 Trunk roadway .......... Low.
S. 1,085 2.6 4.1 40-mopillar . ........ ... .. Low.
T.. 560 25 2.5 Multientry gate road . ..... Low.
u.. 180 12 1.2 1-mpillar . ............. Low.
Table 2.—Measurement data
Height Distance Vertical Height Distance Vertical
Site above into stress, Site above into stress,
roof, m ribside, m MPa roof, m ribside, m MPa
AL 3.2 4.0 5.9 L.. 1.8 1.7 6.3
AL 45 5.7 8.2 L.. 1.6 34 7.6
AL 5.0 9.4 14.1 L.. 21 6.4 7.8
B .. 4.6 3.9 7.4 L.. 2.0 10.0 8.0
B .. 4.6 6.2 105 M.. 3.1 11 10.0
B .. 4.6 6.4 15.2 M.. 3.2 2.6 14.8
B .. 4.6 8.1 175 M.. 3.0 43 1155
C.. 4.6 4.2 9.0 M.. 6.6 10.7 '13.8
C.. 4.6 6.9 8.7 N .. 35 15 9.0
C.. 4.6 8.6 15.0 N .. 35 3.0 16.9
C.. 4.6 11.7 115.7 N .. 3.6 7.0 1.4
D.. 14 25 6.0 N .. 3.6 7.5 '10.8
D.. 1.2 4.1 10.3 o.. 438 2.9 13.3
E .. 438 4.6 8.8 o.. 5.0 5.4 '19.8
E .. 5.2 7.2 10.6 o.. 5.0 7.4 '15.6
E .. 3.9 9.6 20.0 P .. 3.8 1.9 10.0
F.. 15 2.2 4.6 P .. 3.6 3.0 14.7
F.. 2.9 4.2 11.3 P .. 3.3 4.8 195
F.. 4.0 5.9 13.7 P .. 6.5 8.1 185
G.. 5.3 2.8 5.0 R .. 0.6 0.8 2.6
G.. 4.2 3.7 9.5 R .. 1.7 24 12.0
G.. 6.3 6.1 15.2 R .. 1.8 3.2 17.1
G.. 6.8 10.9 245 R .. 35 4.7 21.6
H.. 3.0 3.0 5.5 S .. 1.7 11 15.4
H.. 5.9 5.2 8.9 S .. 1.5 3.0 26.7
H.. 4.2 7.3 14.1 S .. 1.5 6.1 30.0
I, 1.0 15 11 T.. 1.0 25 16.5
I, 2.2 3.0 8.5 T.. 1.0 5.0 19.4
I.. 35 3.9 18.2 T.. 1.0 10.0 21.0
J . 2.2 5.6 26.0 u.. 1.6 1.0 8.4
K. 2.6 4.1 11.7 u.. 1.8 3.3 223
U.. 1.7 5.2 123.5

'Postpeak.
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ANALYSES OF DATA

For consistency and ease of interpretation, it would have
been preferable to conduct the testsin the coal seam. However,
because of the need for sufficiently competent stratain which to
conduct the overcore tests, they were conducted above, rather
than within, the coa seam, with the height above the roof de-
pendent on the strength and condition of the roof at the site. At
each site, severa tests were conducted at varying distances from
the mine entry (figure 1). Those tests degper into the strata and
judged to be beyond the sector of increasing stress (i.e., postpeak)
wereomitted from theanayses (figure2). A tendency for theda-
tato form two groups with different rates of stress increase was
evident (figure 3). It was aso observed that the sites where the
rate of stressincrease waslower were characterized by large and
deep-seated strata deformations. These sites were all at depths
>480 m. The stress gradients measured were lower than for
smilar data from dgtes in the United States [Mark and
lannacchione 1992].

The lower rate of stress increase observed at sites where the
drata deformations around roadways were large was not unex-
pected. Therate a whichthevertica stresscanincreasewill bere-
lated to the degree of confinement that the roof and floor provide
tothe coal seam. If theroof and floor provide ahigh degree of con-
finement to the cod in the ribside, the stress it can sustain will in-
creaserapidly with distancefromtheribside. Thefrictiona proper-
ties of the cod and its bounding strata will influence this. The
amount of failed or yielding ground surrounding a roadway will
aso havealargeinfluence. If the roof and/or floor are themselves
deforming, the confinement that they can providetothecoal ribside
will reduce, aswill therate at which the vertical stresscanincrease.
This is consistent with the correspondence observed between the
measured stresses and entry deformations.

The nonzero stresses at the ribside indicated by the results
in figure 3 are worth noting here. They may be a consequence
of the stresses being measured above, rather than within, the
seam. Very low stressesin theimmediate yielded coal ribside,
which increase rapidly with distance into the ribside, would be
expected to result in nonzero stresses in the roof immediately
above the coal rib. Measuring the stresses in the roof may
therefore average out the stress variations in the seam.

ESTIMATES OF PILLAR STRENGTHS

Pillar load-bearing capacities were estimated from the
measured stress data with the assumption that the stress is
related linearly to distance from the ribside normalized with
respect to roadway height. Utilizing the measured stressdatain
this manner could underestimate pillar strengths. They provide
an estimate of stresses that can be sustained in the ribside, but
not necessarily of the maximum stresses. Given that the stress
distribution in theribside may be expected to be nonlinear (with
the gradient increasing deeper into the pillar), assuming alinear
distributionwill alsotendto underestimate pillar strengthswhen
extrapolated to greater pillar widths. The linear estimates of
pillar strength have been obtained not becauseit is proposed
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Figure 1.—Typical measurement site.
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Figure 3.—Measured data from high and low deformation sites.

that they be adopted as a design equation, but rather to enable
a comparison with the values given by recognized equations.

The formulas used as a basis for comparison were those
presented by Bieniawski [1984], Wilson [1983], and the
Salamon squat pillar equation with the parameters described by
Wagner [1992]. Aninsitu coal compressive strength of 6 MPa
was used in the Bieniawski formula.

Using results from sites typified by low deformations, the
strengths were similar to those obtained using the Bieniawski
equation and the Salamon squat pillar formulas (figure4). This
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Figure 4.—Comparison of pillar strength estimates.

was making use of the average or regressed stress distribution.
Estimates obtained for single sites within this group would
imply strengthssignificantly in excessof or below thesevalues.
TheBieniawski and Salamon formulaswerederived from back-
analysis of failed and unfailed pillars or from testing of rock
and coal specimens with different sizes and shapes; they have
been widely recognized and applied to room-and-pillar layouts.
In the case of the formulas, the strength at low width-to-height
(w/h) ratiosis associated with the in situ coal strength. For the
estimates derived from the stress measurements, it isassociated
with the nonzero intercept obtained from linear regressions of
the data. Despite this conceptual difference, the correspond-
ence with the strength estimatesfor the low deformation sitesis
striking.

Thepillar strengthsimplied using resultsfromsitestypified
by high deformations were considerably lower. They indicate
that, in these cases, strengths obtained using the same formulas
and parameters could represent an overestimate. Significantly
lower in situ coal strengthswould be required to obtain amatch
with the measured data. Given that these equations are rooted
in experience and the degree of acceptance that they have
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gained, in the mining environments where they are applied the
strata conditions giving rise to the lower pillar strengths cannot
bewidely encountered. Thiscould largely be accounted for by
the observation that al of the stress measurement sites cate-
gorized as high deformation were at depths of 480 m or more;
room-and-pillar mining operationsaremostly at depthslessthan
this. Not all of the deeper sites fell into the category of high
deformation with weaker pillars. At one of the deepest sites
(>1,000 m), analysis of the measured results and experience
indicated pillar strengthssignificantly greater thanthe estimates
provided by the equations used in figure 4. The weaker pillar
strengths are in closer agreement with those estimated using
Wilson's equations.

The measured stress data imply a wide range of possible
pillar strengths depending on whether a site fallsinto the high
or low deformation categories used here. Using a set of case
historiesthat includes some of the siteslisted here, two types of
behavior were similarly identified by Gale [1996]. He noted
that the identification of two groupsis somewhat arbitrary and
it may be expected that the full range of behaviors between
these extremes could be encountered.

It is possible that part of the apparent variation in pillar
strength inferred from the measured stresses was associated
with variations in the in situ uniaxial compressive strength
(UCS) of the coal. However, the form of behavior assumed in
interpreting the measured stress dataimpliesthat the coa inthe
ribside had already yielded (with areduction in cohesion) and
that its strength was due to its frictional properties and con-
finement rather than cohesion. Thiswould suggest that varia-
tionsin the coal's UCSwere unlikely to have amajor influence.
A study by Mark and Barton[1996] suggested that variationsin
laboratory test valuesfor coal UCSwere poorly correlated with
pillar strengths determined by back-analyses of failed and un-
failed cases.

It appears that for the sites considered here the degree of
confinement provided to the coal seam was a major factor in
determining the pillar strength. If the roof and/or floor are
themselves yielding and deforming, the confinement that they
can provide to the coa ribside will reduce, as will the rate at
which the vertical stress can increase, thus leading to a weaker
pillar. Thisis consistent with the marked correlation between
the measured stresses and roadway deformationsand islargely
equivalent to the distinction between the cases of rigid or
yielding roof and floor made by Wilson.

COMPARISON WITH NUMERICAL MODELING

Computer modeling has been used to investigate pillar or
entry behavior at the various sitesin conjunction with thefield
measurements. The model parameters used and results pre-
sented here were not intended to represent any individual site;

rather, they illustratethe stratabehavior and propertiesthat may
explain the measured data, in particular, the influence of the
strata bounding the coal pillar.
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The main parameters are summarized in table 3. Plane
strain was assumed with two-dimensional cross sections of pil-
lars being represented and boundary conditions set to define
vertical axis of symmetry through the center of both the pillar
and adjoining roadway. Initia stresses were applied and the
roadway excavated to formthepillar. Theloading on the pillar
wasthenincreased in several stagesby displacing the upper and
lower boundaries of the model grid. Results obtained for two
casesareincluded. Inthefirst, auniformly strong host rock has
been used; in the second, 3.0 m of weaker strata have been
included above and below the seam. In other respects, the
properties were identical. A cohesion equivalent to anin situ
UCS of 6 MPawas used for the coal.

Table 3.—Modeling parameters

Modelingcode . .....................
Initial stresses, MPa_. . ...............

FLAC (version 3.3).
5 (sxx, syy, and szz).

Dimensions:
Seamheight, m . ........ ... ... .. 2.4
Roadway height. m . ......... ... ... ... .. ... 2.4
Roadway width, m . ........ .. ... ... ... .. ... 4.8
Pillar width, m . . . . . . . 20.0
Strata sequence:
Casel ................. Host rock and seam only.
Case2 ..........oun.. 3.0 m of weak strata in roof
and floor.
. . Host Weak
Material properties Coal rock strata
Density, kg/m® .. ........... 1,500 2,500 2,500
Bulk modulus, GPa . ........ 15 12.0 6.0
Shear modulus, GPa . ... .... 1.0 7.0 3.5
Cohesion,MPa ............ 1.6 12.0 4.0
Friction angle, ® ............ 35 40 30
Tensile strength, MPa . ... ... 0.8 6.0 2.0
Residual cohesion, MPa . .. .. 0.1 0.1 0.1
Residual friction angle, ° ... .. 35 40 30
Dilationangle, ® . . .......... 0 0 0

In the case of the stronger strata, yielding was effectively
confined within the coal seam. The vertica stressesin therib-
side increased progressively, and large stresses developed as
loading proceeded (figure 5). Examining the stresses at a hori-
zon 3 m above the seam, the results were compared with the
measured data that were also obtained from above the seam,
although not at a constant horizon. The model results show the
rate of stress buildup increasing as the pillar was loaded. For
average stresses across the pillar corresponding to the range
likely to be encountered in practice, they lay through the meas-
ured datafrom low deformation sites. Given sufficiently strong
roof and floor strata, very high pillar strengths can be
devel oped.

With weaker strata introduced in the immediate roof and
floor, the behavior was similar for the initial load stages
(figure 6). As the loading was increased, the roof and floor
started to yield and the rate of stress buildup in the ribside
reduced. For thefinal load stages, yielding of theroof and floor

had fully developed, spread across the width of the pillar being
modeled, and the stresses settled to an approximately constant
residual distribution. For theselatter stages, the stress distribu-
tionwasirregular dueto the development of bands of stratathat
were actively shearing with the stresses at yield; between these
bands, the stresses are below yield. Thetrend of model results
matched those of the measured data at high deformation sites.

For the strata properties and loading path used in this
example, theweaker stratamodel exhibitsapostpeak reduction
in strength to a residua value (figure 7). The loss of pillar
strength was associated with the reducing confinement as the
strata bounding the coal seam yielded, rather than a reduction
in coal strength. Should the initial stresses be sufficient to
cause the roof and floor to yield and deform as the entries and
pillar were formed, there would be no apparent loss in pillar
strength by this mechanism and the postpeak strength would be
applicable from the outset. In thisway, the initial stresses, in
addition to the strata properties, may influence pillar behavior.

Numerical modeling allows an improved interpretation of
measured data. The influence of more factors can be taken into
account, and it provides a better means of extrapolating to
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different geometriesor loading. In addition, theinteraction be-
tween pillars and the surrounding entries can be assessed and
taken into account. In many circumstances, particularly with
wider pillars, considerations of entry rather than pillar stability
may be the limiting factor.

WIDE PILLARS

With large w/h ratios, it iswidely accepted that the proba
bility of pillar failure and loss of strength decreases. Never-
thel ess, excessiveloading of the pillars may result in damageto
thesurrounding mineentries. For deeper minesand thoseusing
longwall mining methods, pillar w/h ratios frequently exceed
thosefor which themost widely known strength equationswere
derived. In these circumstances, it is likely that pillar dimen-
sions will be limited by considerations of the stability of the
surrounding mine entries, rather than that of the pillars.

Design of pillars or pillar systems to maintain acceptable
conditionsin the surrounding entriesislikely to lead to consid-
eration of the nonuniform stress distribution across pillars,
rather than simply the average stressor total |oad acting through
apillar. Although asimplification, one possible approach isto
[imit the maximum stress or the stress at a particular location
expected withinapillar. Thisapproach wasadopted by Wilson
with his"entry stability" as opposed to "ultimate stability" cri-
teriafor pillar strength [Carr and Wilson 1982].

The choice of a suitable limiting value for the stress is
fundamental to this approach. Wilson related the maximum

alowable stress to the triaxia strength of the strata and the
insitu vertical stress. Other estimates are possible, although it
is likely to depend in some degree on the surrounding strata
strength. In someregards, the choice of thisvalueisanaogous
to the problem of determining the appropriate value for the
in situ coa strength for usein pillar strength equations such as
Bieniawski's.

The wide range of entry conditions encountered at sites
subject to similar stress levels, but with different strata prop-
erties, suggeststhat appropriate values for the maximum stress
toalow inapillar may vary widely from siteto site. The vari-
ation may be greater than that apparent in effectivein situ coal
strengths.

An advantage for using numerical modeling in investi-
gating pillar behavior is that it enables consideration of the
interaction between pillars and the surrounding entries. Mine
entry conditionsare, of course, influenced by factors other than
surrounding pillars. This should be taken into account if
adopting an approach of using favorable mine entry conditions
as an objective of pillar design.
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PROTECTION PILLARS BETWEEN LONGWALL PANELS

The pillars left between longwall panels are a particular
case of wide pillars as described above. The method of
longwall retreat typically employed in U.K. coal minesusesa
single gate at each side of the panel, with adjacent panels
separated by wide protection pillars (figure 8). Thetailgate for
the next in a sequence of longwall panels is driven during or
subsequent to retreat of the previous panel. As aresult, the
tailgate may be driven in a stress regime that is subsequently
altered by extraction of the previous panel, onethat has already
been altered, or a combination of these.

Pillar widths that have been adopted for recent layouts of
this type in the United Kingdom are shown in figure 9. They
clearly come into the category of wider pillars (the w/h ratios
range up to 40:1). Coal pillars of these dimensions do not fail
in the normally accepted sense. Despite this, the use of
inadequate pillars may result in difficult mining conditions.

The choice of pillar dimensions may influence—

1. The stress change due to extraction of the previous
panel and hence conditions in the tailgate while or after it is
driven;

2. The concentration of stress and hence conditions at the
tailgate-faceline junction during retreat; and

3. The surface subsidence profile across the sequence of
panels.

The first and second of the above will aimost certainly be
considered in determining the pillar size. The third may be
considered if the surface is subject to subsidence limitations.
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Figure 8.—Typical longwall retreat layout in U.K. coal mines.

Wilson's pillar equations were originaly developed as a
method for determining dimensionsfor thiskind of pillar. The
method estimates the distribution of stresses transferred onto
the pillar due to extraction of the panels. It effectively limits
the stress at the location of the tailgate with the first panel
extracted and the maximum stress across the pillar with both
panels extracted. Numerical modeling can now be used to
provide a more sophisticated estimate of how the stresses will
be distributed across the pillar. It will, however, be strongly
dependent on the caving behavior of the longwall and the
reconsolidation of the waste that remains subject to
considerable uncertainty. Suitable limitsto place on the stress
levelsmust a so be determined for the site, as described earlier.

Roof displacements showing the influence on gate
conditionsof stressesdistributed over substantial pillarssuchas
these are shown in figures 10-12. The data are from telltale
devicesused to measureroof deformations[Altounyanand Hurt
1998]. Their purposeisto provide aroutine assessment of roof
condition, rather than acting as field measurement stations for
research purposes. However, the data obtained can be used to
enable a comparison between different entries and sites.

In figure 10, a histogram compares data from the tailgate
and main gate for apanel at an average depth of 590 m with a
50-mpillar. Atthisdepth, thepillar widthisat the lower range
infigure9. For the main gate, none of the instruments showed
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Figure 9.—Pillar widths between retreat longwall panels.
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Figure 11.—Roof displacements in main gate during retreat.

displacements in excess of 40 mm; in the talgate, 20%
exceeded thisvalue. Therewas considerable spread in theroof
deformations along the length of each gate; this can be
expected due to geologica variations. The form of the dis-
tributions suggests that in zones of weaker geology the in-
creased stress levels experienced by the tailgate resulted in
increased roof displacements. The displacements plotted were
those recorded up to 50 days after drivage of the gate; the
difference between the gates increased with time and during
retreat of the panel.
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Figure 12.—Roof displacements in tailgate during retreat.

Increasing roof displacements as the retreating panel
approaches are plotted in figures 11 and 12. For the main gate
(figure 11), itsinfluence only becomes apparent within thefinal
50 m. The displacementsin the tailgate (figure 12) are larger
and start to accelerate at an earlier stage than for the main gate.
In fact, tailgate conditions for this panel were poor with large
amounts of convergence and roof softening. A considerable
amount of extra support had to be installed in the tailgate to
maintain stability up to the junction with the faceline. The
different amount of support employed in the gates needs to be
taken into account in comparing figures 11 and 12.

Variability in conditions such asthat evident in figures 10-
12 may provide a guide in determining suitable pillar dimen-
sions. If the difference between main gate and tailgate attribu-
tableto increased stressis small compared to the spread dueto
geological variability along thelength of each gate, thereislittle
point inincreasing pillar widthsin order to improve conditions
in subsequent tailgates.

Although pillar dimensions are usually described with
regard to consideration of vertical stresses and their effects,
many other factors can also affect longwall gate conditions and
influence the choice of suitable pillar dimensions. These
include—

» Horizontal stresses and their orientation relative to the
panel;

» Timing of gatedrivagerelativeto the previous panel; and

« Interaction with workingsin other seams.
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If significant interaction is expected, this may be the dominant
consideration in determining the position of the tailgate and
thusthe pillar size. These aretechnical factors and are not the
sole determinants of pillar size. The choice of pillar size will
aso be strongly influenced by the priorities of the

mine management or operator. If the priority isto maximize
extraction, smaller pillarsarelikely to be adopted, with adverse
conditions in the tailgate giving rise to increased repair and
support costs being accepted. |If the priority is to minimize
production costs, larger pillars are likely to be adopted.

SUMMARY

Comparison of stressmeasurement resultsfrom different
sites, mostly in U.K. mines, shows a wide range of potential
strata conditions and resulting pillar characteristics. The
range can be accounted for by variations in the degree of
confinement provided to the coal by the roof and floor strata.
Thelower pillar strengthsinferred from measured stress data
wereencountered at deeper siteswith weak roof or floor strata
and characterized by largedeformations. Such sitesarelikely
to employ mining methods other than room- and-pillar and
use wide pillars. Although the wider pillars employed
between longwall panels may not fail in the usual sense, their

dimensions can have a critical impact on conditions in the
surrounding entries or gates.

For wide pillars, it islikely that pillar dimensions will be
limited by considerations of the stability of the surrounding
mineentriesrather than of the pillars. Thisrequiresthat factors
other than pillar strengths and load be taken into account.
A possible general approachisto establish stresslevelsthat are
acceptable for a site and dimension pillars so that these stress
levels are not exceeded and to consider the pillar in context
with the stability of the entries.
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ANALYSIS OF LONGWALL TAILGATE SERVICEABILITY (ALTS):
A CHAIN PILLAR DESIGN METHODOLOGY
FOR AUSTRALIAN CONDITIONS

By Mark Colwell,' Russel Frith, Ph.D.,2 and Christopher Mark, Ph.D.}

ABSTRACT

This paper summarizes the results of a research project whose goa was to provide the Australian coal
industry with a chain pillar design methodology readily usable by colliery staff. The project was primarily
funded by the Australian Coal Association Research Program and further supported by several Australian
longwall operations.

Thestarting point or basis of the project wasthe Analysisof Longwall Pillar Stability (ALPS) methodology.
ALPSwas chosen because of its operational focus; it usestailgate performance asthe determining chain pillar
design criterion rather than simply pillar stability. Furthermore, ALPS recognizes that several geotechnical
and design factors, including (but not limited to) chain pillar stability, affect that performance.

There are some geotechnical and mine layout differences between United States and Australian coalfields
that requiredinvestigation and, therefore, calibration beforethefull benefitsoffered by the AL PS methodol ogy
could berealized in Australia

Ultimately, case history datawere collected from 19 longwall mines representing approximately 60% of all
Australianlongwall operations. Inaddition, six monitoring sitesincorporated an array of hydraulic stresscells
to measure the change in vertical stress throughout the various phases of the longwall extraction cycle. The
sitesalsoincorporated extensometersto monitor roof and rib performancein responsetotheretreatinglongwall
face.

The study found strong relationshi ps between the tailgate stability factor, the Coal Mine Roof Rating, and
theinstalled level of primary support. The final outcome of the project is a chain pillar design methodology
caled Analysis of Longwall Tailgate Serviceability (ALTS). Guidelinesfor using ALTS are provided.

YPrinci pal, Colwell Geotechnical Services, Caloundra, Queensland, Australia.
2Principal, Strata Engineering, Teralba, New South Wales, Australia.
3Supervisory physical scientist, Pittsburgh Research Laboratory, National Institute for Occupational Safety and Health, Pittsburgh, PA.
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INTRODUCTION

In many cases, chain pillarsin Australia have been designed
solely with regard to pillar stability using a process similar to
that used for pillars within bord-and-pillar operations. The
bord-and-pillar approachisbased onanalysisof collapsed pillar
cases from Australia and the Republic of South Africa
[Salamon et a. 1996] and applies afactor of safety in relation
to pillar collapse. Thisapproach isinappropriate for a number
of reasons when designing chain pillars.

Australian chain pillars typically have minimum width-to-
height (w/h) ratios >8, which is approximately 4.5 standard
deviations away from the mean of the pillar collapse case his-
tories. In addition, the chain pillar loading cycle and activellife
are significantly different from those experienced by pillars
within a bord-and-pillar operation. Finaly, the goal of main-
taining gateroad stability isvery different from that of avoiding
apillar collapse.

The need for a design method uniquely developed for Aus-
tralian longwall chain pillars was clear. The original submis-
sion for funding by the Australian Coal Association Research
Program (ACARP) stated that the calibration (to Australian
conditions) of aproven chain pillar design methodol ogy offered
the least risk for a successful and timely outcome. It was as-
sessed that themost comprehensive chain pillar designtool then
availablewasthe Anaysisof Longwall Pillar Stability (ALPS)
[Mark 1990; Mark et al. 1994]. The primary consideration in
selecting ALPS is that it uses gate road (i.e, tailgate)
performance as the determining chain pillar design criterion.
Secondly, ALPS is an empirical design tool based on a U.S.
coal mine database; thus, it provided a ready framework for
calibration to Australian conditions.

The aim of the project was to provide the Audtrdian coad in-
dustry with achain pillar design methodology and computer-based
designtool readily usableby colliery staff. A further objectivewas
to ensure that the methodology developed by the project had the
widest possible application to dl Australian codfields by identify-
ing where local adjustments and limitations may apply.

Informul ating the design methodol ogy, the primary goa was
to optimize pillar size (specificaly pillar width) so asto—

< Maintain serviceabl e gate roads such that both safety and
longwall productivity are unaffected;

« Minimize roadway drivage requirements so as to have a
positive impact on continuity between successive longwall
panel extraction; and

* Maximize coal recovery.

In designing chain pillars, specifically with regard to satis-
factory gate road performance, the following design criteria
were proposed:

» Thechain pillar must provide adequate separation between
themain gatetravel road and belt road, such that the travel road
(tail gate of the subsequent longwall panel) will be satisfactorily
protected from the reorientation and i ntensification of the stress
field caused by the extraction of the first longwall panel.

 Thetailgate (with afocus on the tailgate intersection with
thelongwall face) will be sufficiently serviceablefor ventilation
and any other requirements (setting of secondary support,
second egress, etc).

BACKGROUND

ALPS was originally developed by Mark and Bieniawski
[1986] at The Pennsylvania State University. It was further
refined [Mark 1990, 1992; Mark et al. 1994] under the auspices
of the former U.S. Bureau of Mines (USBM).* The initial
ALPS research involved field measurements of longwall abut-
ment loads at 16 longwall panels at 5 mines. These measure-
ments were used to calibrate a simple conceptualization of the
side abutment, similar to models proposed by Wilson [1981]
and Whittaker and Frith[1987]. The side abutment (A) equates
to the wedge of overburden defined by the abutment angle ($)
(seefigure 1). Thetailgate loading condition is considered to
be some percentage of the side abutment, called the tailgate
abutment factor (F). The U.S. field measurements found a
range of abutment angles, froms " 10.7°tos " 25.2°. A value
of $ ¥ 21°and F, " 1.7 was selected for usein design.

“The safety and health research functions of the former U.S. Bureau of
Mines were transferred to the National Institute for Occupational Safety and
Health in October 1996.

Because of the encouraging results obtained from the initial

study, the USBM commissioned further research directed to-
ward quantifying the relative importance of roof and floor
quality and artificial support on gate road performance. The
approach was to analyze actual longwall mining experience.
Casehistoriesfrom 44 U.S. longwall mineswere characterized
using 5 descriptive parameters. Pillar design was described by
the ALPS stability factor (ALPS SF " pillar strength < pillar
load); roof quality was described by the Coal Mine Roof Rating
(CMRR) [Molindaand Mark 1994; Mark and Molinda 1996].
Other rating scales were developed for primary support,
secondary support, and entry width.

Mark et al. [1994] reported that statistical analysesindicated
that in 84% of the case histories the tailgate performance
(satisfactory or unsatisfactory) could be predicted correctly
using only the ALPS SF and the CMRR. It was further stated
that most of the misclassified cases fell within a very narrow
borderline region. The analyses also confirmed that primary
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Figure 1.—Conceptual model of the side abutment load.

roof support and gate entry width are essential elementsin suc-
cessful gate entry design. The relative importance of the floor
and of secondary support installed during extraction could not
be determined from the data.
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Thefollowing equation (relating the ALPS SF and CMRR)
was presented to assist in chain pillar and gate entry design:

ALPSSF; " 1.76 & 0.014 CMRR, (1)

where the ALPS SF; isthe ALPS SF suggested for design.

The Primary Support Rating (PSUP) used in ALPS was
developed as an estimate of roof bolt density and is cal culated
asfollows:

L, (N, (D,
S, (w,( 84

length of bolt, m,

PSUP * (2)

where L,
N, " number of bolts per row,
" diameter of the bolts, mm,
S, " spacing between rows of bolts, m,
and w, " entry (or roadway) width, m.

PSUP treats all bolts equally and does not account for load
transfer properties, pretensioning effects, etc.

NEED FOR CALIBRATION

Conventional longwall minesin the United States generally
useathree-heading gateroad system; Australianlongwall panel
design typically employs a two-heading gate road system with
rectangular chain pillars separating these gate roads. A typical
Australian longwall panel layout is presented in figure 2.
Figure 2 also detailsthe stages of the chain pillar loading cycle:

1. Development loading (calculated using tributary area
concepts);

2. Front abutment loading, which occurs when the first
longwall face is paralldl with the pillar;

3. Main gate (side) abutment loading, when the load has
stabilized after the passage of the first face;

4. Tailgate loading, when the second face is parallel with
the pillar; and

5. Double goafing, when the pillar isisolated between two
gobs.

It is during tailgate loading that the chain pillar (or cross
section thereof adjacent to thetailgateintersection) experiences
the greatest vertical loading during its "active life," i.e., the
period where the chain pillar is playing its role in helping to
mai ntain satisfactory gateroad conditions. Thisproject focused
on tailgate performance (at the T-junction) asthe design condi-

tion. Thepillar stability factor in relation to the tailgate loading
conditionisdesignated asthe "tailgate stability factor” (TG SF).

Theproject foundthat Australian chain pillarshavean average
length-to-width ratio of 3.2; crosscut centers on average are
spaced at 100 m. Thepronounced rectangular shapeof Australian
chain pillars may add strength to the pillar compared to a square
pillar of the same minimum width. Mark et al. [1998b]
reanayzed the U.S. database using the Mark-Bieniawski rec-
tangular pillar strength formula and found a dightly better
correlation (in relation to the predictive success rate) than using
the Bieniawski equation. In addition to the Bieniawski equation,
this project assessed both the Mark-Bieniawski rectangular pillar
formula [Mark and Chase 1997] and the squat pillar formula
[Madden 1988] in relation to the correlation between the pillar
stability factor and the CMRR.

In Australia, the significant impact of horizontal stress on
coa mine roof stability iswell documented [Frith and Thomas
1995; Galeand Matthews1992]. Thein situ horizontal stresses
should not have a significant direct influence on tailgate roof
stability due to the presence of an adjacent goaf. However,
thereis an indirect influence in terms of the degree of damage
done to the roof during the initial roadway development and
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Figure 2.—Stages in the dynamic loading cycle of longwall chain pillars.

then to the main gate travel road and cut-throughs during
longwall retreat. The effect of thein situ horizontal stressfield
on gate road serviceability (particularly on roof stability) isnot
taken into account directly by the ALPS methodol ogy and was
considered in more detail by the ACARP project.

Finally, the project aimed to verify the applicability of the
ALPSIloading parametersto Australian conditions. The ALPS
methodology uses an abutment angle of 21° in all cases, and it
assumes that the tailgate load is 1.7 times the side abutment
load.

MEASUREMENTS OF AUSTRALIAN ABUTMENT LOADS

The project measured changes in vertical stress across (and
within) chain pillars at six collieries to determine whether the
ALPS approximations should be refined. Three sites were lo-
cated in the Bowen Basin Coalfield in Queensland (Central,
Crinum, and Kenmare Collieries), two were in the Newcastle
Codfield (Newstanand West Wallsend Collieries), and onewas
at West Cliff Colliery in the Southern Coalfield. Each mon-
itoring site included an array of hydraulic stress cells (HSCs)
generally located at midseam height to measure the changesin
vertical stress. Most sites also included extensometers to
monitor roof and rib performance. A general instrumentation
layout is shown in figure 3.

The HSC used in this project is a modification of the
borehole-platened flatjack developed by the former USBM.
The HSC was developed, calibrated, and tested by Mincad
Systems Pty. Ltd. [1997]. The HSC consists of a stainless steel
bladder into which hydraulic fluid is pumped via tubing
extending along the borehole. The bladder is encased between
two stedl platensthat areforced against the boreholewall asthe

bladder is pumped up.

As with every stress measurement instrument, proper cali-
bration isimportant. Mincad Systems provided two calibration
formulasbased onitsresearch withthe HSC. Theformulaused
in this project employs a calibration factor K * 1.0 for astress
increase of #5 MPaand K " 1.3 for that portion of anincrease
above 5 MPa. Because ALPSisacomparative chain pillar de-
sign toal, it is not critical which calibration method is used
as long as the method is consistent from site to site.

The six sites add considerably to the ALPS abutment load
database. They includeamuchwider range of cover depthsand
width-to-depth ratios than the original U.S. data. Thereisalso
much more variety in the geologic environments. In addition,
becausethe stress readings could be made remotely, monitoring
was possible subsequent to the passing of the second longwall
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Figure 3.—Instrumentation layout at a typical stress measure-
ment site.

face. Of the 16 original U.S. panels, there were sufficient data
to characterize the side abutment load in only 6, and only one
panel provided dataonthetailgate abutment factor. Incontrast,
data on both the side and tailgate loads were obtained from all
six Australian monitoring sites.

At the Australian sites, entry width and height ranged from
4.8 t0 5.2 m and 2.5 to 3.6 m, respectively. Pillar width and
length (rib to rib) ranged from 26 to 40 m and 95 to 125 m,
respectively; cover depths varied from 130 to 475 m. Dueto
the relatively high length-to-width ratio of Australian chain
pillars(i.e., extracted crosscut coal <5%), aplane strain or two-
dimensional loading analysis is common in Australia and was
considered appropriate by the Australian researchers. Further-
more, the Australian researchersrecognized that thelocation of
the stress cells within the pillar would in al probability affect
the measured vertical stress changes. In placing the cells near
a cut-through rather than across the longitudinal center of the
chain pillar, the monitoring exerciseswere viewed asrecording
the loading behavior of a thin, two-dimensional slice of the
pillar near a critical location during its "active life."

The ALPSIoading parameters account for the extracted coal
within the cut-throughs. Therefore, the abutment angles re-
ported by the ACARP project [Colwell 1998] would bedlightly
different if the load had been addressed in the same manner as
the U.S. field measurements in back-cal culating the abutment
angles. However, the end effect on the design chain pillar
width is negligible.

Measurements of the main gate side abutment loading are
used to calculate the abutment angle; measurements of the
tailgate abutment (when longwall 2 is parallel with the instru-
ments) are used to calculate the tailgate abutment factors.
Examples of the data obtained from two of the sites are shown
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in figure 4. The results from all six monitoring sites are sum-
marized in table 1 and figure 5 (along with the U.S. data).

The measurements of the abutment angle from the three
Queensland minesand from Newstan Colliery clearly fall with-
in the range of the U.S. data. However, the abutment angles
calculated for the two deepest mines, West Wallsend and West
Cliff, are the smallest of any in the database. The overburden
at these two mines (and at Newstan Colliery) also contains the
massive sandstone and sandstone/conglomerate strata com-
monly associated with the Newcastle and Southern Coalfields.
Thelow width-to-depthratio, along with the strong overburden,
may be affecting the caving characteristics of the gob.

Table 1 aso shows two sets of tailgate abutment factors.
The first set was obtained by dividing the measured tailgate
loading by the measured main gate (side abutment) loading.
The second set, which is the one used in the U.S. version of
ALPS, is obtained by dividing the measured tailgate load (ad-
jacent to the T-junction) by the calculated side abutment load
using an abutment angleof $ * 21°. TheoneU.S. measurement
found this second tailgate abutment factor to be 1.7. The
Australian datain table 1 show ahigh variability, with the mean
at 1.3inrelationto an ALPS-style analysis.

Figure 6 plots the development of the changein load during
tail gateloading (asamultiple of the side abutment) against face
position. It clearly indicates that the nature of the loading be-
havior at Central, Crinum, and Kenmare Collieries closely ap-
proximates that proposed by ALPS. However, the tailgate
loading behavior at Newstan Colliery and particularly at West
Wallsend Colliery reveds that the double goaf load is Sig-
nificantly greater than twice the measured main gate side abut-
ment load. It islikely that West Cliff would have behaved ina
manner similar to Newstan if the cabling and/or cells had not
become inoperabl e with the second longwall face only 5 m past
the instrumentation site.

Thefield dataassociated with Newstan, West Wallsend, and
West Cliff Callieriesclearly suggest that amuch greater portion
of the main gate abutment load is distributed onto the adjacent
unmined longwall panel than calculated on theoretical grounds
(seefigure 2).

Although the double goaf loading condition could not be
measured at West Wallsend Colliery, it would seem that the
bulk of the tailgate load manifests itself within that distance
100 m outby of theface. Therearedistinctincreasesintherate
of loading at approximately 70 m and again at 20 m outby of the
face. Thiscorrelates well with the observed tailgate condition
and strata behavior.

In contrast to West Wallsend Colliery, the bulk of the tail-
gateload at Newstan Colliery manifestsitself after the passage
of the longwall face. Both Newstan and West Wallsend Col-
lieries have experienced greater difficultieswith regard to both
gate road and face control issues when massive sandstone/
conglomerate channels are within 0 to 30 m of the mining hor-
izon. Face width optimization has played a critical role in
dleviating the face control difficulties.



38

Key
Face position:

—— 15-m outby —x— 86-minby
—o— 28-m inby == Main gate loading

n

\\
O o) -
l | | I I (N N B SR ||

J425400-75 5025 0 25 50 75 100 125 150 175 200 225 250 275 300 325
DISTANCE, m

Chain pillar

O

ST —T 7T T T T T 1T T T T T T T T

b | __Cel 3 1
W | _
5 10

b4 | i
% '

Iz 8t -
ldl:-' - .
2 6 cells * ~
@ N Cell 4 .
E ! /Cell 2 ]
I cellR Cell |
O

}—

o

]

=

Longwall 2

B Key
Face position:
—e— 6-m inby —a— {-m outby

—o— 24-m inby —a— 8-m outby
—X= 69-m inby — Main gate lcading

O
g SO
=
lﬁJDj 40
o -
« |
5 s
m -
§ Cell 6
L Cell 8
U1 20-¢e
14 Cell 7 |
a
J
= 10
Q Cell 1 in
- yield zone
r |
L
>

o)
-20 15 -10 -5 0 5 10 15 20 25 30
DISTANCE, m

Longwall 17 Chain pillar

Figure 4.—A, Abutment load profiles at different locations of the longwall face (Crinum Colliery)
with highly cleated coal. B, Abutment load profiles at different locations of the longwall face (West
Wallsend Colliery), where the tailgate load is extremely aggressive.

Table 1.—Results of stress measurements




H w, w, P F F

Monitoring site m m rr'; m $, (M;:as (C;llc
Central ........ 265 399 51 230 247 177 205
Crinum ........ 125 30.2 4.8 275 19.1 1.52 1.35
Kenmare ....... 130 248 52 200 19.2 149 122
Newstan ....... 180 26.0 5.0 130 15.3 1.48 1.04
West Cliff ...... 475 372 48 200 59 181 0.60
West Wallsend .. 240 30.1 4.9 145 8.5 3.79 1.52

NOTE.—$ and F, (Meas) are based on two-dimensional

analyses ((

(Meas) is based on ALPS loading parameters ($

" 0.25 MN/m® Kenmare ( " 0.23 MN/m®. F,
"oar

and

( " 0.255 MN/m?).
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A possible explanation for the variation in the manifestation
of thetailgate load (in relation to face position) is that while a
near-seam conglomerate channel existsin relation to the mon-
itoring site at West Wallsend Colliery, it is absent at the
Newstan Colliery site. The anecdotal evidence suggesting the
near-seam channel as a possible cause of thisvariation in load
manifestation is strong (i.e., secondary support requirements,
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seismic monitoring [Frith and Creech 1997]; however, the
mechanics are not yet fully understood.

The stress measurements collected by the project were sup-
plemented by data from similar investigations previously con-
ducted by other collieries, whichweregratefully madeavailable
to the project. The supplementary field data were obtained us-
ing nearly all of the different types of stress cellsthat have been
used in Australia (CSIRO HI, IRAD, Geokon, and HSC). The
variety of instruments hinders comparison between studies, yet
some trends emerge.

In general, the supplementary field datasupport the observa-
tions made from the project data. In Bowen Basin collieries,
theloading behavior closely approximatesthat proposed within
ALPS. In contrast, there are some significant departures in
New South Walesfor collieriesthat have strong, spanning over-
burden and alow width-to-depth ratio. Table2 indicatesthat at
Angus Place, South Bulli, West Cliff, West Wallsend, and
Wyee the measured side abutment angles are significantly less
than 21°.

In summary, it seemsthat an abutment factor of 1.5, in con-
junction with an abutment angle of $ * 21°, isareasonable and
generally conservative approximation of the actual tailgateload
for most Australian mines. The exceptions are two collieries
and one locdlity (containing three collieries) within the Aus-
tralian database, where there is sufficient evidence to suggest
that site-specificloading parametersaremoreapplicable. These
are the Central and West Wallsend Collieries, and the deepest
collieries within the Southern Coalfield (South Bulli, Tower,
andWest Cliff Collieries). For Central Colliery, theappropriate
loading parameters seemto be$ " 26° and F, " 1.6. With
regard to the three Southern Coalfield collieries, the recom-
mended loading parametersare $ © 10° and F, ™ 1.5, which
also apply to areas associated with West Wallsend Colliery that
are unaffected by the near-seam sandstone/conglomerate
channels. Inareaswherethickening of the channel occurs, itis
assessed that the abutment angle of $ ™ 10° should be
maintained, while F, should be increased to 3.5.

Two other variables can influence the calculation of pillar
stability factors: in situ coal strength (S,) and the overburden
density ((). A comprehensivestudy inthe United Statesrecent-
ly concluded that uniaxial compressive strength tests on small
coa samples do not correlate with in situ pillar strength [Mark
and Barton 1996]. That study and othersin Australia and the
Republic of South Africa]Salamon et al. 1996] found that using
aconstant seam strength workswell for empirical pillar design
methods. Accordingly, thein situ coal strength is taken to be
6.2 MPa, asused in ALPS.

In some Australian mines, thereis so much coal in the over-
burden that the overburden density is significantly reduced be-
low the ( ™ 0.25 MN/m® that is typical for sedimentary rock.
Dartbrook and Kenmare Collierieshave undertaken satisfactory
analyses of their overburden and have determined that
( " 0.22 MN/m® and 0.23 MN/m?®, respectively.



40

Table 2.—Supplemental stress measurements from other Australian mines

Site details Reference Cell type Cell position Remarks N, °© (MZ:‘EIS)
Angus Place longwall 12 . .. . .. Clough[1989] .............. CSIROHI .. Inroof ...... Author indicates vertical stress increase small; may be 5.5 —
affected by clay bands within roof strata.
Central longwalls 301-302 . . ... Wardle and Klenowski [1988] . . IRAD ...... Inseam .. ... Satisfactory results from which to interpret main gate and 26.8 1.48
tailgate loading.
Cook longwalls 5-6 .......... Gale and Matthews [1992] CSIRO HI Inroof ...... Satisfactory results from which to interpret main gate and 38.0 1.31
tailgate loading.
Ellalong longwall 1 .......... Wold and Pala [1986] ........ IRAD ...... Inseam .. ... Satisfactory results from which to interpret main gate 17.2 —
loading for barrier and adjacent development pillars.
Ellalong longwall 1 .......... Wold and Pala [1986] ........ IRAD ...... Inseam .. ... Satisfactory results so as to interpret main gate loading 9.8 —
for chain pillar.
Kenmare longwall 1B* . ... .. .. Gordon[1998] .............. CSIROHI .. Inroof ...... Satisfactory results from which to interpret main gate 54.2 —
loading condition.
North Goonyella longwalls 3-4 . . Nemcik and Fabjanczyk [1997] . CSIROHI .. Inroof ...... Only 2 of 4 cells functioned reliably such that a 315 1.2
subjective assessment of the stress profiles was
required.
South Bulli longwalls 504-505 . . Mincad Systems Pty. Ltd. [1997] IRAD and Inseam . .... Satisfactory results from which to interpret main gate and 8.8 1.47
hydraulic. tailgate loading.
Ulan longwalls AandB ... .... Mills [1993] ................ CSIROHI .. Inroof ...... Satisfactory results from which to interpret main gate and 35.3 1.09
tailgate loading.
West Cliff longwall 1 ......... Skybey [1984] . ............. IRAD ...... Inseam .. ... 3-heading with large/small pillar combination; subjective 4.9 —
assessment of main gate stress profile was required.
West Cliff longwalls 12-13 . . . .. Gale and Matthews [1992] CSIROHI .. Inroof ...... 3-heading with large/small pillar combination, 0.9 1.52
interpretation of main gate and tailgate loading.
West Wallsend longwall 12 . . .. Stewart [1996] .. ............ Hydraulic ... Inseam..... Satisfactory results from which to interpret main gate 5.2
loading condition.
Wyee longwall5 ............ Seedsman and Gordon [1991] Geokon .... Inseam..... Satisfactory results from which to interpret main gate 6.2-8.8

loading condition.

*SCT operations stress monitoring exercise with HI Cells located in roof above this project's hydraulic stress cell site.
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INDUSTRY REVIEW

The aim of the industry review was to construct a historical
database of gate road and chain pillar performance. Duringthe
course of the project, 19 longwall mines (a cross section from
the 5 mgjor Australian coalfields) were visited. Underground
inspections were conducted at each that incorporated a sub-
jectiveassessment of gateroad performancewhiledocumenting
therelevant detailsin relation to panel and pillar geometry, roof
and floor geology, artificial support, and in situ stress regime.
Brief summary reports were then forwarded to each mine to
confirmthe accuracy of therecorded data. Table 3 summarizes
the Australian case histories.

The U.S. database included the Secondary Support Rating
(SSUP), which is described as a rough measure of the volume
of wood installed per unit length of the tailgate [Mark et al.
1994]. It should be noted that 59 of the 62 cases (i.e., 95%)
withinthe U.S. database used standing secondary support (pre-
dominantly in the form of timber cribbing) along the tailgate.
In the Australian database, less than 50% (9 out of 19) mines
routinely installed standing secondary support along thetailgate.
In the context of this study, standing secondary support refers
to timber cribbing, the Tin Can system, Big Bags, etc., and does
not include tendon support (cable bolts or Flexibolts) installed
within the roof. Because of the variety of secondary supports
used, no Australian SSUP was attempted. Instead, a yes/no
outcomeis provided in table 3.

An additional geotechnical parameter included within the
Australian database, but not considered during the devel opment
of ALPSin the United States, is the presence of adverse hori-
zontal stress conditions (HORST) (see table 3). Horizontal
stress can damage roadways when they are first driven, and
stress concentrations associated with longwall retreat can cause
further roof deterioration. The following criteriawere used to
categorize the operations visited on ayes/no basis:

o 30°<"<135° (seefigure 7); and
* The magnitude of the maor horizontal stress (Fy)
is>10 MPa.

- / L G OAF/%E*Q

Figure 7.—The angle ' used to determine the value of HORST.

Actual stress measurements were available from all except
threeminesinthedatabase. Themajor horizontal stressischar-
acteristically twice the vertical stress within Queensland and
New South Wales coalfields. Therefore, at a depth of cover
equal to 200 m, F,, is approximately 10 MPa.

It is recognized that geological structure can result in an
adversereorientation and/or magnification of thegenera insitu
stressregime. However, there are insufficient data, within the
context of this study, to include such an assessment within
HORST.

STATISTICAL ANALYSES

The same statistical technique used with the U.S. ALPS
database, that of discriminant analysis, was used with the
Australian data. Discriminant analysis is a regression tech-
nigue that classifies observations into two (or more) popu-
lations. Inthe caseof the ALPSdata, the classified populations
are tailgates with satisfactory and unsatisfactory tailgate
conditions.

Aninitial changethat wasmadewith the Australian datawas
to include "borderline" tailgates with the unsatisfactory cases.
Thismaodificationisconsistent withthe Australian underground
coal industry's desire to have in place strata management plans
that design against both borderline and unsatisfactory gate
road conditions. It also addsto the otherwise small pool of un-

satisfactory cases available for analysis.

Intheir analysis, Mark et a. [1994] were not able to quantify
the effect of standing secondary support on tailgate conditions.
However, because nearly every U.S. case used some standing
support, SSUP is basicdly intrinsic to the design equation (see
equation 1). Becauselessthan 50% of Australian mines use sec-
ondary support, it seems reasonable to assume that tailgates that
presently incorporate standing secondary support would become
unsatisfactory if it were removed. A mgor modification wasto
include al collieries utilizing standing secondary support in the
modified-unsatisfactory category of tailgate conditions.
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Table 3.—Australian tailgate performance case history database

Pillar Pillar Seam Panel Tailgate
. ) h ; Depth, - SSUP, HORST, )
Mine Location width, length, height, r$1 width, CMRR TG SF PSUP Yes/No Yes/No co_nd|-
m m m m tion
Angus Place ........ Tailgate21 ................. 40 95.5 3.0 340 256 35 0.84 0.84 Yes No S
Angus Place ........ Tailgate 18 ................. 40 94.5 3.0 280 206 35 1.11 0.84 Yes No B
Angus Place ........ Tailgate22 ................. 40 95.5 3.0 360 256 35 0.76 0.84 Yes Yes U
Central (200) . ....... Tailgate 202 . ............... 25 94.9 25 165 200 55 1.33 0.27 No No S
Central (200) . ....... Tailgate 203 ................ 25 94.9 25 190 206 55 1.05 0.27 No No S
Central (200) . ....... Tailgate 204 . ............... 30 94.9 25 210 206 55 1.26 0.27 No No S
Central (200) . ....... Tailgate 205 ................ 35 94.9 25 225 206 55 1.50 0.27 No No S
Central (200) . ....... Tailgate 206 . ............... 45 94.9 25 240 206 55 2.14 0.27 No Yes S
Central (200) . ....... Tailgate 207 ................ 45 94.9 25 265 206 55 1.87 0.27 No Yes S
Central (200) ........ Significant jointing .. .......... 94.9 25 48 1.05 0.50 No No S
Central (300) . ....... Tailgate 302 ................ 30 94.9 2.8 140 200 50 2.00 0.27 No No S
Central (300) . ....... Tailgate 303 ................ 30 94.9 2.8 170 206 50 1.63 0.27 No No S
Central (300) ........ Tailgate 304 ................ 35 94.9 2.8 190 206 50 1.80 0.27 No No S
Central (300) . ....... Tailgate 305 ................ 40 94.9 2.8 210 206 50 1.95 0.27 No No S
Central (300) ........ Tailgate 306 ................ 45 94.9 2.8 230 206 50 2.07 0.27 No No S
Central (300) ........ Tailgate 307 - 18 cut-through . .. 45 94.9 2.8 285 206 31 1.45 0.50 No No U
Clarence ........... Tailgate2 .................. 45 54.5 4.1 260 178 59 1.20 0.23 No No S
Clarence ........... Tailgate3 .................. 43 54.5 4.1 260 200 59 1.10 0.23 No No S
Clarence ........... Tailgate5 .................. 45 54.5 4.1 260 158 59 1.21 0.23 No No S
Clarence ........... Tailgate 6 .................. 45 39.5 4.1 260 200 59 1.22 0.23 No No S
Crinum ............ Tailgate2 .................. 35 125.2 3.6 135 275 40 2.57 0.69 Yes No S
Dartbrook .......... Tailgate2 .................. 35 94.8 3.9 250 200 51 0.86 0.42 No No S
Elouera ............ Tailgate 2 - 4 lower stress .. .. .. 45 12.5 3.3 350 155 40 1.02 0.85 Yes No S
Elouera ............ Tailgate 4 - 19.5 cut-through . . .. 45 125.0 3.3 350 155 40 1.00 0.85 Yes Yes B
Gordonstone ........ Tailgate 102 ................ 40 94.8 3.2 230 200 30 1.49 0.79 Yes No B
Gordonstone ........ Tailgate 202 . ............... 40 94.8 3.2 230 255 35 1.49 0.79 Yes No S
Kenmare ........... Tailgate 2 - 13 cut-through ... .. 30 119.8 3.1 172 200 65 1.46 0.53 No No S
Kenmare ........... Tailgate 3 - stronger roof 25 119.8 3.1 160 200 65 1.17 0.28 No No S
Kenmare ........... Tailgate 3 - weaker roof . . ...... 25 119.8 3.1 130 200 46 1.65 0.42 No No S
Newstan ........... Tailgate 10 ................. 31 97.0 3.3 180 130 39 1.39 0.66 Yes Yes B
North Goonyella .. ... Tailgate4 .................. 30 94.8 3.4 180 255 38 1.26 0.77 No No S
Oaky Creek . ........ Tailgate 7 - normal roof .. ...... 30 94.8 3.2 180 200 57 1.32 0.40 No No S
Oaky Creek . ........ Tailgate 7 - weaker roof . . ...... 30 94.8 3.2 200 48 1.32 0.57 No No S
South Bulli (200) . . ... Tailgate 203 . ............... 24 84.0 2.7 465 138 57 0.23 0.44 Yes Yes U
South Bulli (200) . . ... Tailgate 204 ................ 31 94.0 2.7 470 183 57 0.36 0.44 Yes Yes U
South Bulli (200) . . ... Tailgates 205-208, 210 ........ 40 96.0 2.7 460 183 57 0.66 0.44 Yes Yes B
South Bulli (200) . . ... Tailgates 209, 211-212 ........ 38 97.0 2.7 460 183 57 0.59 0.44 Yes Yes B
South Bulli (300) . . ... Tailgate 303 ................ 40 96.0 2.7 450 138 65 0.68 0.44 Yes No S
South Bulli (300) . . ... Tailgates 304-305 ............ 55 74.0 2.7 450 183 65 1.15 0.44 Yes No S

See explanatory notes at end of table.



Table 3.—Australian tailgate performance case history database—Continued

Pillar Pillar Seam Panel Tailgate
Mine Location width, length, height, Depth, width, CMRR TG SF PSUP SSUP, HORST, condi-
m Yes/No Yes/No .
m m m m tion
South Bulli (300) .. ... Tailgates 308-309 ............ 38 97.0 2.7 410 185 65 0.68 0.44 Yes No S
Southern (600) . ..... Tailgate 606 ................ 30 94.8 2.8 170 200 60 1.62 0.26 No No S
Southern (600) . ..... Tailgates 607-608 . ........... 35 94.8 2.8 190 200 60 1.79 0.26 No No S
Southern (700) ...... Tailgate 702 . ............... 30 94.8 2.8 160 250 60 1.79 0.26 No No S
Springvale . ......... Tailgate 402 . ............... 45 95.2 2.7 325 250 35 1.22 0.63 Yes Yes B
Tower ............. Tailgate 14 ................. 45 66.0 3.2 500 203 40 0.59 1.26 No No S
Uan .............. Tailgate 11 ................. 30 94.8 3.1 145 255 50 1.65 0.28 No No S
West CIiff .......... Tailgate22 ................. 42 97.2 25 480 200 48 0.69 0.49 Yes No S
West Wallsend ... ... Tailgate 13 - 4.5 cut-through . . .. 35 97.1 2.9 240 145 40 1.24 0.75 Yes Yes U
West Wallsend ... ... Tailgate 13 - 7 cut-through ... .. 35 97.1 2.9 255 233 40 1.11 0.75 No Yes S
West Wallsend ... ... Tailgates 14-16 . ............. 32 110.1 2.9 250 145 40 0.99 0.75 Yes Yes U
West Wallsend ... ... Tailgate 17 - 6 cut-through . .... 35 110.1 3.2 250 145 40 1.08 0.75 Yes Yes B
Wyee ............. Tailgate 13 .. .. ............. 35 102.0 2.8 220 163 45 1.43 0.52 No Yes B
Mean . ... .. 31.2 94.5 3.0 266 200 49.52 1.27 0.49
Standard deviation . . ............................ 7.2 16.9 0.4 106 33 10.04 0.47 0.24

S Satisfactory. B Borderline. U Unsatisfactory.



Two casesposed additional complications. Tower Colliery
does not incorporate standing secondary support, yet its
PSUP (1.26) is 3.2 standard deviations above the Australian
mean. Therefore, Tower Colliery was also included within the
modified-unsatisfactory tailgate category. Crinum usesstanding
secondary support, but it is a relatively new operation, and it
seems that there has been an understandable, but nonetheless
highly conservative approach to its geotechnical design. To
include Crinumwithin the modified-unsati sfactory group would
have been overly conservative, so it was excluded from the
database entirely.

Therefore, thefinal databaseincludes50 casehistorieswith
29 modified satisfactory and 21 modified-unsatisfactory cases.
Numerousanalyseswere conducted to determinethebest design
equation. Ultimately, the most successful design equation
relates therequired TG SF to the CMRR, as shown in figure 8:

TG SF " 2.67 & 0.029 CMRR A3)

Equation 3 correctly predicted the outcome of al except
seven case histories, for a success rate of 86%. Comparing
equation 3 to the U.S. design eguation (equation 1), it may be
seen that the TG SF is generally more conservative than the
ALPS SFfor weaker roof, but the TG SF decreases more rapid-
ly than the ALPS SF as the roof becomes stronger.

Another strong relationship that was evident in the case
histories was between the primary support and the roof quality.
Figure 9 plots the PSUP against the CMRR, and the best-fit
regression is of the following form:

It seems that Australian mine operators have intrinsically
adapted their primary support patterns to the roof conditions
and operational requirements. Mark et al. [1994] reached a
similar conclusion for the United States.

Upper- and lower-boundary equations (4b and 4c, respec-
tively) relating CMRR to PSUP have also been proposed and
areillustrated in figure 8:

PSUP, " 1.45 & 0.0175 CMRR (4b)
PSUP, " 1.24 & 0.0175 CMRR (40)

Equation 4c may be applicable, for example, when the mining
layout is not subject to adverse horizontal stress conditions
and/or standing secondary support is planned as part of the
colliery's strata management plan.

Mark et al. [1994] also found a strong correl ation between
the CMRR and the entry width. No such correlation was seen
here.

Itisinteresting to note somesimilaritiesand differencesbe-
tween the U.S. and Australian databases. For example, overall
roof quality seemsto bereasonably similar inthetwo countries.
The mean CMRR in the United States is 53.7 with a standard
deviation (SD) of 13.9; this compareswith an Australian mean
of 49.5and SD " 10.0. However, the mean Australian PSUP
is0.49 (SD " 0.23), which is approximately twice that of the
U.S. database.

Studies by Mark [1998] and Mark et al. [1998a] suggest
that the horizontal stress levelsin the two countries are com-
parable. It seemsthat philosophical differencesaremorelikely

PSUP " 1.35& 0.0175 CMRR (4a)  responsible for the different levels of primary support. Most
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Figure 9.—Design equations for primary support based on the CMRR.

Australian coal mines have an unwritten (sometimes written)
policy of no roof falls, U.S. multientry mining systems seem
more tolerant of roof falls. Also, most Australian coal mines
have an antipathy toward standing secondary support for
reasons associated with atwo-entry gate road system. It seems
that the main way in which Australian operations prevent poor
tailgate conditionsis to install substantial primary support on
development. Therefore, in Australia one would expect a
strong relationship between the level of primary support and a
reliable roof rating system. This is exactly what transpires,
which adds to the credibility of the CMRR.

Additional statistical analysestested whether the accuracy
of ALPS could be improved by replacing the original
Bieniawski formulawith another pillar strength formula. Two
formulas were trialed—the Mark-Bieniawski formula [Mark
and Chase 1997] and Salamon's squat pillar formula [Madden
1988]. The Mark-Bieniawski formula had virtually no impact
on the classification success rate. However, incorporating the
squat pillar formula resulted in a significant decrease in the
classification successrate. The conclusion wasto remain with
the original Bieniawski formula used in the "classic" ALPS.

ANALYSIS OF TAILGATE SERVICEABILITY (ALTS)

The chain pillar design methodology proposed by the
project is referred to as "Analysis of Longwall Tailgate
Serviceahility" (ALTS). The design methodology recognizes
the impact of ground support on tailgate serviceability and
incorporates guidelines in relation to the installed level of
primary support and the influence of standing secondary
support on the design process.

A design flowchart (figure 10), Microsoft® Excel
Workbook, and user manual have been devel oped. The spread-
sheet workbook (ALTS Protected.xls) was formulated to
facilitate the computational components of the design
methodology.

The ALTS design process should only be employed in
designing chain pillarsthat are subject to second-passlongwall
extraction. If thechain pillarsunder consideration are not to be
subject to second-pass longwall extraction, then an alternative
pillar design method should be employed based on pillar
stability and outer gate road serviceability requirements. The

monitored chain pillar loading behavior (conducted as a part of
the project) will assist in estimating the main gate load for
design purposes.

The recommended chain pillar width (rib to rib) is
contingent upon an appropriate level of primary support. That
level of primary support (i.e., PSUP, to PSUPR,) isdependent on
(1) the orientation of longwall retreat in relation to the
magnitude and direction of the mgjor horizontal stress and
(2) theuse of standing secondary support along thelength of the
gate road.

The database is ableto identify situationswhereitislikely
that standing secondary support may be required. However,
there are insufficient data at this stage to make numerical
recommendations for the SSUP similar to those made for the
TG SF and PSUP. Appropriately qualified personnel should
assess the type, level, and timing of SSUP installation.
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CONCLUSIONS

The following main goals of the project were achieved:

» To establish achain pillar design methodology that has
widespread application to Australian longwall operations; and
» To quantify the probable variance in the chain pillar
loading environment between collieries and mining localities
and toincorporatethisvariancewithin the design methodol ogy.

In addition, the study has been able to propose definitive
guidelines with regard to the installed level of primary support
and to conduct a subjective analysis regarding the impact of
standing secondary support on the design process. This pro-
videsthe Australian coal industry with atruly integrated design
methodol ogy with regard to tail gate serviceability that has been
ableto addressthemain factorscontrolled by themineoperator.

Theinitial benefit from this project is that mine managers
and strata control engineerswill be abletoidentify wherechain
pillars can be reduced in size and where increases may be
necessary. They can make these decisionswith the confidence
that acredible Australian database is the foundation for the de-
sign methodology.

This project has identified that there is an opportunity for
some mines that do not currently incorporate the routine in-
stallation of secondary support along their tailgate to make
significant reductionsin chain pillar width. Itisan operational
decision whether a reduction in pillar width is more or less
beneficial to production output and costs than the introduction
of secondary support along the length of the tailgate. This
project simply highlighted that the opportunity exists.

The chain pillar monitoring exercises conducted at col-
lieries under deep cover or with strong roof have found that the
abutment load may be overestimated by using a generic
abutment angle of $ * 21°. However, the aggressive tailgate
loading behavior monitored at West Wallsend Colliery (see
figure5) provided awarning, which emphasized the need to use
great caution before making any sweeping changesto aproven
chain pillar design tool. Although the way in which the load
manifested itself at West Wallsend was significantly different
from that proposed by ALPS, the resultant tailgate load was
quite similar.
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EXPERIENCE OF FIELD MEASUREMENT AND COMPUTER
SIMULATION METHODS FOR PILLAR DESIGN

By Winton J. Gale, Ph.D.!
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ABSTRACT

Coal pillar design has been based on generalized formulas of the strength of the coa in a pillar and
experience in localized situations. Stress measurements above and in coa pillars indicate that the actual
strength and deformation of pillarsvary much morethan predicted by formulas. Thisvariationisduetofailure
of stratasurrounding coal. Thepillar strength and deformation of the adjacent roadwaysisafunction of failure
in the coal and the strata about the coal. When the pillar is viewed as a system in which failure also occursin
the strata rather than the coal only, the wide range of pillar strength characteristics found in the United
Kingdom, United States, Republic of South Africa, Australia, People's Republic of China, Japan, and other
countries are simply variations due to different strata-coal combinations, not different coal strengths.

This paper presentsthe measured range of pillar strength characteristics and explainsthereasons. Methods
todesign pillar layoutswith regard to the potential strength variations due to the strata strength characteristics
surrounding the seam are also presented.

M anaging director, Strata Control Technology, Wollongong East, New South Wales, Australia.
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INTRODUCTION

The strength characteristics of coal pillars have been
studied by many, and the subject is well discussed in the
literature (Salamon and Munro [1967]; Wilson [1972];
Hustrulid [1976]; Mark and | annacchione[1992]; Gale[1996]).
In general, arange of strength relationships has been derived
from four main sources:

(1) Laboratory strength measurements on different-sized
coal block specimens;

(2) Empirical relationships from observations of failed and
unfailed pillars;

(3) A theoretica fit of statistical dataand observations; and

(4) Theoretical extrapolation of the vertica stress buildup
from the ribside toward the pillar center to define the load

capacity of apillar.

Theserelationships provide arelatively wide range of potentia
strengths for the same pillar geometry. In practice, it has been
found that variousformulas arefavored (or modified) by users,
depending on past experience in their application to certain
mining districts or countries.

In general, the application of empirically and statistically
based formulas has been restricted to the mining method and
geological environment for which they were developed, and
they often relate to specific pillar geometries. In general, these

methods were developed for shallow, extensive bord-and-pillar
operationsfor which thepillar was designed to hold theweight of
overburden. Thewider application of longwall mining methods
and increasing depth has required a greater understanding of
factors influencing pillar strength and their role in the control of
ground deformation about the mining operations. The de-
velopment of stress measurement and detailed rock deformation
recording tools over the last 10-15 years has allowed much more
quantification of actua pillar stressesand deformations. Few data
were available when many of the pillar strength relationships
wereoriginaly defined. Similarly, the devel opment of computer
simulation methods has alowed detailed back-analysis of the
mechanics of strata-coal interaction in formed-up pillars.

The author and his colleagues have conducted numerous
monitoring and stress measurement programsto assessroadway
stability and pillar design requirementsin Australia, the United
Kingdom, Japan, the United States, Indonesia, and Mexico.
Theresultsof theseinvestigationsand othersreported inthelit-
erature have demonstrated that the mechanical response of the
coa and surrounding strata defines the pillar strength, which
can vary widely depending on geology and stress environment.
The application of a pillar strength formula to assess the
strength of a system that is controlled by the interaction of ge-
ology, stress, and associated rock failure is commonly an
oversimplification.

MECHANICS OF THE PILLAR-COAL SYSTEM

The strength of a pillar is determined by the magnitude of
vertical stress that can be sustained within the strata-coal
sequence forming and bounding it. Thevertical stressdeveloped
through this sequence can be limited by failure of one or more of
the unitsthat comprisethe pillar system. Thisfailure may occur
in the cod, roof, or floor strata forming the system, but usually
involves the coal in some manner. The failure modes include
shear fracture of intact material, lateral shear aong bedding or
tectonic structures, and buckling of cleat-bounded ribsides.

In pillar systems with strong roof and floor, the pillar coal
isthelimiting factor. In coal seams surrounded by weak beds,
a complex interaction of strata and coal failure will occur; this
will determine the pillar strength. The strength achievable in
various elements largely depends on the confining stresses
developed, asillustrated infigure 1. Thisindicatesthat as con-
finement is developed in apillar, the axia strength of the ma-
terial increases significantly, thereby increasing the actua
strength of the pillar well above its unconfined value.

The strength of the coal is enhanced as confining stress
increases toward the pillar center. This increased strength is
often related to the width-to-height (w/h) ratio; the larger the
ratio, the greater the confinement generated within the pillar.
Hence, squat pillars (high w/h) have greater strength potential
than slender ones (low w/h).

The basic concepts related to confinement within coal
pillars were developed by Wilson [1972]; with the growing
availability of measurement data, these general mechanics are
widely accepted. However, confining stress can be reduced by
roadway deformations such asfloor heave, bedding plane dlip,
and other failuremechanisms. These mechanismsaredescribed
below.

ROADWAY DEVELOPMENT PHASE

Prior to mining, the rock and coal units will have in situ
horizontal and vertical stresses that form a balanced initial
stress state in the ground. As an opening (roadway) is created
inacoa seam, thereisanatural tendency for the coal and rock
to move laterally and verticaly into the roadway. In this
situation, the horizontal stress acting acrossthe pillar will form
the confining stress within that pillar. If this lateral dis-
placement isresisted by sufficient friction, cohesion, and shear
stiffness of the immediate roof and floor layers, then most of
thelateral confining stressismaintained withinthepillar. Con-
sequently, the depth of "failure" (yield) into thepillar ribsideis
small. If the coal and rock layers are free to move into the
roadways by dlippage aong bedding planes or shear de-
formation of soft bands, this confining stress will be reduced.



Hence, the depth of failure into the pillar ribside may be
significantly greater.

The geometry of failure in the system and the residual
strength propertiesof thefailure planeswill therefore determine
the nature of confining stress adjacent to the ribsides and ex-
tending across the pillars. This mechanism determines the
depth of failure into the pillar and the extent of ribside dis-
placement during roadway drivage.

PILLAR LOADING BY ABUTMENT STRESSES

Roadways are subjected to an additional phase of loading
during longwall panel extraction, as front and then side abut-
ment pressures are added to the previous (and generally much
smaller) stress changesinduced by roadway excavation. These
abutment stresses typically considered are predominantly ver-
tical in orientation, but can generate additional horizontal (con-
fining) stresses (by the Poisson's ratio effect) if there is suf-
ficient latera restraint from the surrounding roof and floor.
Conversdly, if the ground isfreeto moveinto the roadway, this
increased horizontal stressis not well developed and increased
rib squeeze is manifest instead.

This concept is presented in figure 2; with strong cohesive
coal-rock interfaces the confining stressin the pillar increases
rapidly inward fromtheribsides, allowing high vertical stresses
to be sustained by the pillar. The opposite case of low shear
strength coal-rock contact surfacesis presented in figure 3. In
this situation, confinement cannot be maintained sufficiently;
hence, the allowable vertical stresswould be significantly less
than that in figure 2. The diagram shows that the pillar has
failed because of its inability to sustain the imposed vertical
abutment stresses. In addition, lateral movement has caused
floor heave and severe immediate roof shearing.

Theimplicationsof thisfor the strength of anisolated pillar
are presented in figure 4, where the load carried by the pillar is
the mean of the vertical stress acrossit. If this mean stressis
equal to the average "applied load" to be carried by the pillar,
then thepillar isstable (figure 4A). If the applied load is great-
er, then the pillar issaid to fail (figure 4B) and the deficit stress
must be redistributed onto nearby pillars.

Conceptually, pillar strength behavior should fall between
the two end members of:

(1) Lateral dlip occurring totally unresisted, so that pillar
strength is limited to the unconfined value of the coal; and

(2) Latera dlip being resisted by system cohesion and
gtiffness, such that pillar strength is significantly above its
unconfined value due to confinement.

A range of potential pillar strengths associated with these
two end members relative to the w/h ratio is presented after
Gale [1996] in figure 5. It is assumed that the rock mass
strength of the coal is6.5 MPaand that the cod is significantly
involved in thefailure process. Thisrangeof pillar strengthsis
representative of most rock failure combinations, exceptinrare
cases where small tiff pillars may punch into soft clay-rich
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strata at loading levels below the field uniaxial compressive
strength of the coal. In the punching situations, pillar strength
may be lower than that depicted, but the variation would gen-
erally be confined to pillars having small w/h ratios.

A comparison of these "end member" situations with a
range of pillar strengths determined from actual measurement
programs conducted in Australia and the United Kingdom by
Strata Control Technology and from the United States [Mark
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Figure 1.—Effect of confining stress on compressive
strengths of intact and fractured rocks.
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et al. 1988] is presented in figure 6. The comparison indicates
that awide range of pillar strengths have been measured for the
same geometry (in terms of w/h) and that the data appear to
span thefull interval between the end members. However, two
groupings can be discerned and are shaded in figure 7:
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Figure 3.—Slow buildup of vertical stress in the pillar where
slip occurs and confinement is reduced.
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(1) The"strong/normal” geologies, where pillar strength It should be noted that thesetwo groupingsare arbitrary and are
appears to be close to the upper bound. possibly due to limited data. With more data points, the
(2) The structured or weak geologies, where the strength  grouping may become less obvious.
is closer to the lower bound and it is apparent that the strength
of the system is significantly limited.

EFFECT OF GEOLOGY

It is clear that a wide range of pillar strengthsis possible  methods. Computer models of four pillar systemswere loaded
and that thesearenot only related to coal strength and w/hratio. to determine their strength characteristics (figure 8). These
Geological factors have amajor impact on the strength achiev- ae—
able under the various pillar geometries.

» Massive sandstone-coal-massive sandstone

EFFECT OF GEOLOGY ON PILLAR STRENGTH « Laminite-coal-sandstone
* Weak siltstone-coal-weak siltstone
The effect of various strata types in the roof-coal-floor « Laminite-clayband-coal-clayband-laminite
pillar systems has been investigated further by computational
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l l l CLAY 0.5MPa H SILTSTONE 15MPa
COAL COAL
CLAY 0.5MPa SHTSTONE 15MPa
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A B
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gégzsgg;fa UCS = 43MPa
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i L. e
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Figure 8.—Geological sections modeled to assess load deformation characteristics. A, coal-clay-
laminite; B, coal-siltstone-laminite; C, coal-sandstone; D, coal-laminite-sandstone.



Theresults of the pillar strength characteristics relative to
w/h are presented in figure 9. The results closely relate to the
field measurement data and confirm that the strata types
surrounding the coal have a major impact on strength and also
provide insight into the geological factors affecting strength.
The results indicate that—

(1) Strong immediate roof and floor layers and good
coal-to-rock contacts provide a general relationship similar to
the upper bound pillar strength in figure 5.

(2) Weak, clay-rich, and sheared contacts adjacent to the
mining section reduce pillar strength to the lower bound areas.

(3) Soft stratain the immediate roof and floor, which fail
under the mining-induced stresses, will weaken pillars to the
lower bound areas.

(4) Tectonic deformation of coal in disturbed geological
environments will reduce pillar strength, although the extent
depends on geometry and strength of the discontinuities.

Obviously, combinationsof thesevariousfactorswill have
a compounding effect. For example, structurally disturbed,
weak, and wet roof stratamay greatly reduce pillar confinement
and, consequently, pillar-bearing capacity.
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EFFECT OF GEOLOGY ON POSTPEAK PILLAR
STRENGTH

The postpeak pillar strength characteristicsfor some of the
pillars modeled are presented in figure 10. The pillar strength
is presented as a stress/strain plot for various width/height
pillars. Theresults presented in figure 10A show that in strong
sandstone geol ogy, high strengthsareachievableinsmall pillars
(w/h ® 5) and the pillar maintains a high load-carrying
capability. In the example modeled, "short-term” load losses
were noted to occur in association with sudden rib failure.
These instances are present in figure 10A as "rib bumps." In
sections of laminite roof, these pillars may lose strength if the
laminite fails at a very high load above the pillar. For pillars
with aw/h lessthan 4/5, alossin strength is expected at ahigh
load due to failure of the coal.

In pillar systemswith wesak strata surrounding the coal, the
pillars typically exhibit a strength loss after peak load is
achieved. Large width/height pillars are required to develop a
high load-carrying capacity after failure in the weak pillar
systems modeled. Two examples are presented in figure 10B,
which shows the postpeak strength characteristics of pillars
with weak mudstone or clay surrounding the coal. Inthese
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Figure 9.—Strength and w/h for models.
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examples, the strength loss is greater in the situation of weak
clay surrounding the coal.

The implications of this are significant for the design of
barrier and chain pillars where high loads are anticipated. If
excessive loads are placed on development pillars in this
environment, pillar creep phenomena are possible due to the
load shedding of failed pillarssequentially overl oading adjacent
pillars. The effect of load shedding in chain pillars when
isolated in the goaf isto redistribute load onto the tailgate area
and to potentially display increased subsidence over the pillar

area. Thetypical result isto have major tailgate deformation,
requiring significant secondary support to maintain access and
ventilation.

AN APPROACH TO PILLAR DESIGN

Field studies suggest that a range of strengthsis possible
extending within upper and lower bounds. If we make use of
these relationships as "first-pass estimates’ to be reviewed by
more detailed analysislater, then anumber of optionsare avail-
able. In known or suspected weak geologies, theinitial design
may utilize the lower bound curve of the weak geology band in
figure 7. In good or normal geologies, the Bieniawski or squat
pillar formulas may be suitable for initia estimates. Two
obvious problems with this approach are:

(1) Estimatesof pillar size can vary greatly, depending on
the geological environment assumed; and

(2) Thepillar size versus strength data set used (figure 6)
islimited.

This is why such formulas or relationships are considered as
first-pass estimates only, to be significantly improved later by
more rigorous site-specific design studies utilizing field meas-
urements and computer simulation.

Design based on measurement requires that the vertical
stressdistribution within pillars be determined and the potential
strength for various sized pillarsbe calculated. Itismost useful
to measure the vertical stress rise into the pillar under a high
loading condition or for the expected "working loads." The
stress measurement profiles are used to determine the potential
load distributions in pillars of varying dimension and hence to
developapillar strength relationship suitablefor that geol ogi cal
site. An example of stress measurements over apillar is pre-
sented in figure 11; however, the method is limited to deter-
mining the potentia stressdistributionin different pillar widths
under the measured loading condition.

Extrapolation of increased |oading ismore problematic. In
weak ground, an approach is to extrapolate the vertical stress
buildup from the rib toward the pillar center. Thismay be pos-
siblewherethevertical stressbuildup approximatesalineinthe
yield zone. Thisoften providesalow estimate of the peak pillar
strength and should be considered aworking estimate only. An
exampleof thisispresentedinfigure 11B. Experience suggests
that thisis more likely in weak ground; however, in stronger
ground the stress buildup is often more exponential and, as
such, difficult to extrapolate.

To assess the potentia strength under higher loading con-
ditions, amethod to redistributethe stresswithinthe pillar asso-
ciated with an increased average load, or the ability to monitor
the effect of additional loading, is required.

Monitoring of stressdistributionswithin pillarsduring min-
ing can provide elevated loading conditions for analysis. An
exampleis presented in figure 12, whereby small pillars were
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strength assessment. A, typical stress measurement loca-
tions; B, stress distribution in pillar from measurements.

instrumented with CSIRO HI Cells and monitored until well
isolated in the goaf after the passage of alongwall panel.
Computer modeling methods have been developed to
simulate the behavior of the strata sections under various stress
fields and mining geometries. For mine design, such simula
tions must be validated against actual ground behavior and
stress measurements. This provides confidence that sufficient
geological investigation has been undertaken and that the
strength properties and deformation mechanisms are being
simulated accurately. The computer software developed by
Strata Control Technology has been verified in a number of
field investigations where computer predictions of stress
distributions and rock failure zones have been compared. An
example is presented in figure 13, which compares the
measured and model ed stressdistribution over ayield pillar and
solid coal in a deep mine. Another example of computer
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DEPTH OF YIELD INDICATED BY RIB EXTENSOMETER

Figure 12.—Example of small pillar monitoring studies indi-

cating pillar stress history.
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modeling capabilitiesispresented infigure 14 for weak ground
adjacent to alongwall panel. A series of stress measurements
was conducted to define the abutment geometry and compared
to computer simulations based on the geological section and
goaf geometry. Theresultsindicateavery closecorrelation and
that rigorous computer simulation methods can provide agood
estimation of the actual stresses and ground failure zones.

One major benefit of computer modeling is that the
behavior of roadways adjacent to the pillars can be simulated.
Inthisway, the design of apillar will reflect not only the stress
distribution within it, but also its impact on roadway stability.
An exampleis presented in figure 15 in which the anticipated
deformation of a roadway adjacent to alongwall panel under
elevated abutment loading wasevaluated. Theeffect of various
reinforcement, support, and mining sections was simulated to
determine the appropriate mining approach.

In mining situations where there are large areas of solid
ground about the working area, the potential for regional
collapseof pillarsistypically low. Designinthese areasusual-
ly relates to optimizing roadway conditions and controlling
ground movements rather than the nomina pillar strength.
Yield pillars and chain pillars are obvious examples of this
application. Design must assess the geometry of other pillars
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Figure 14.—Comparison of modeled and measured (A) vertical
and (B) horizontal stress over a longwall side abutment. Stress
measurements were made in a borehole drilled from an adjacent
roadway.

and virgin coal areas in determining the impact of a particular
stress distribution within a pillar and the ability of the over-
burden to span over ayielded pillar and safely redistribute the
excess stress to adjacent ground. Figure 13 shows an example
of this process for a failed ("yield") pillar adjacent to solid
ground.

CHAIN PILLAR DESIGN ISSUES

It has becomeincreasingly apparent from field monitoring
and computer simulations of longwall caving that the design of
chain pillars requires alarger scale review of ground behavior
rather than "small-scale" pillar strength criteria. Microseismic
monitoring [Kelly et al. 1998] hasdemonstrated significant rock
fracture above and below chain pillars. Computer modeling of
caving [Gale 1998] has also demonstrated rock fracture above
and below pillars. Rock failure above and below chain pillars
occurs as a result of gross scale stress changes and fluid pres-
sure redistributions.

The strength and loading conditions of chain pillars can
reflect the larger scale fracture geometries that may develop.

An example of an abutment stress within a pillar at shallow
depth (250 m) is presented in figure 16. In this case, rock fail-
ureextendsover theribside and shiftsthe abutment distribution
within the pillar.

M odification of thevertical abutment stressdistribution has
been noted in field monitoring and computer simulations under
conditionsof high lateral stress. It hasbeen found that the abut-
ment distribution tends to have a lower peak stress, but it
spreads over alonger lateral extent. An exampleis presented
infigure 17.

In both of these examples, computer modeling of the
caving process within the geological section closely correlates



with the measured data. The use of generalized empirical
methodsto determinethe abutment profileisalso presented and
indicatesthat their applicationisbest utilized asinitial estimates
to be reassessed by site-specific investigations for key design
areas.

Rock failure above and below chain pillars does not
necessarily occur at all sites; however, experience suggeststhat
this is common. The gross scale rock failure about longwall
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panels, therefore, requires design for ground control issues
rather than pillar design, astraditionally conceived. Field meas-
urement, computer modeling, and microseismic investigations
play akey rolein defining the design criteria. Empirical data-
bases are al so useful; however, the user should be aware of the
ground deformation mechanics in order to assess the
applicability of the data being used relative to the site con-
ditions to which it would be applied.

Figure 15.—Simulation of roadway conditions under abutment stress.
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Figure 17.—Longwall side abutment profiles for modeled, measured, and empirical approaches in a high stress

mining area.

CONCLUSIONS

The strength characteristics of pillars depend on the
strength properties of the strata surrounding the coal .

Itisimportant to consider the postfailure strength of pillars
in design, particularly in areas of weak strata where a post-
failure strength lossin moderate to large width/height pillarsis
possible.

Computer simulation methods in association with site
measurements are recommended for the design of key layouts
that require an assessment of geological variations, pillar size,

and stressfield changesto optimize the mining operation. This
approach also assesses the expected roadway conditions or
pillar responsefor various minelayouts; these can be monitored
to determineif the ground is behaving as expected.

Design of pillarsadjacent to large extraction areas needsto
include the large-scale fracture distributions and, in general,
needs to be based on a ground control criterion rather than on
apillar strength criterion only.
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ABSTRACT

A series of mine design accidentsin the late 1980s resulted in amajor research program at the University
of New South Wales, Australia, aimed at developing pillar and mine design guidelines. A database of both
failed and unfailed Australian underground coal mine pillar case studies was compiled. A procedure was
developed to enable the effective width of rectangular pillars to be taken into account. The database was
analyzed statistically using the maximum likelihood method, both independently and as a combined data set
with the more extensive South African database. Probabilities of failure were correlated to factors of safety.
It was found that there was less than a 4% variance in pillar design extraction ratios resulting from each of
these approaches. There is a remarkable consistency between the design formulas developed from back-
analysis of the two separate national pillar databases containing many different coal seams and geological
environments.

Yprofessor and Head, School of Mining Engineering, University of New South Wales, Sydney, Australia.
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INTRODUCTION

In the 3-year period to 1992, 60 continuous miners were
trapped by falls of stratafor morethan 7 hrin collieriesin New
South Wales, Australia. In the preceding 2 years, eight coal
minerswerekilled in pillar extraction operationsin New South
Wales. In the New South Wales and Queensland coalfields,
at least 15 extensive collapses of bord-and-pillar workings oc-
curred unexpectedly in the 15-year period to 1992. Six of these
collapses occurred in working panels; fortuitously, five oc-
curred during shutdown periods and the sixth occurred while
the continuous miner wasbeing flitted to the surfacefor repairs.

One contributor to these events was the lack of a compre-
hensive pillar design procedure. Legidation in New South

Wales at the time simply required coal pillars to have a
minimum width of one-tenth depth or 10 m, whichever was
greater. The influence of pillar height on strength received no
recognition.

This set of circumstances led to funding by the New South
Wales Joint Coal Board of amgjor research project on pillar de-
sign and behavior. Theresearch was undertaken by the School of
Mining Engineering a the University of New South Waes
(UNSW). Theprimary objectivesof theresearchweretoimprove
the understanding of coal pillars and associated floor and roof
stratabehavior under variousloading conditionsandtoincorporate
these outcomes into the mine design knowledge base.

RESEARCH METHODOLOGY

The approach adopted to pillar design was based on that
developed for square pillars by Salamon and Munro [1966,
1967]. However, theextensiveuse of rectangular and diamond-
shaped pillarsin Australiarequired moredetailed consideration
of the effective width of parallelepiped pillars and the effect of
thiswidth on pillar strength.

Firstly, an adequate Australian database of failed and
unfailed pillar case histories was established. A relationship
wasthen devel oped to factor in theinfluence of rectangular and
diamond-shaped pillars, which comprised just over 50% of the
database. Thisdatabase wasthen subjected to rigorous statisti-
cal analysis using a range of techniques in order to quantify

parameters associated with each of two generally accepted
empirical formulasfor describing pillar strength. Thisfacilitated
the establishment of correlation, for all strength expressions,
between the probability that aformulawould yield a successful
design versus the respective design factor of safety.

The Australian database was al so combined with the much
larger and long-established South African database, and the
analysis was repeated to determine if the two population bases
could be considered as one. A close correlation was obtained,
leading to an increased level of confidence in this methodology
and to anumber of moreuniversal conclusionsconcerning pillar
design.

EMPIRICAL COAL PILLAR STRENGTH ESTIMATIONS

The development of computer and numerical technologies
in recent decades hasfacilitated, at |east in principle, the analy-
sisof stressesin pillars and their foundations, i.e., the roof and
floor strata. Unfortunately, physical experimentation has not
advanced equally rapidly. Hence, the understanding of the
intrinsic constitutive laws controlling the behavior of yielding
rocksisdtill unsatisfactory. Moreimmediate problemsinclude
thesignificant discrepanciesbetweenthe physical propertiesex-
hibited by rocksin situ and those measured in the | aboratory by
testing small specimens. Theseproblemsrelateto the effects of
size and shape on rock strength.

Many investigatorshave proposed simpleempirical formu-
las to describe the strength of coal pillars. The most common
feature of most of these empirical relationshipsisthat they de-
fine strength ostensively only in terms of the linear dimensions
of the pillars and a multiplying constant, representing the

strength of the unit volume of coal. Investigators over the years
have proposed formulas that belong to one of two types. One
type defines pillar strength simply as a linear function of the
width-to-height (w/h) ratio:

F

sl K1

r%(l&r)%}, (1)

where K isthe compressive strength of acubeand risadimen-
sionless constant. The quantities of w and h are the width and
height of the pillar, respectively.

If the notation

R " w/h o)



isintroduced, then equation 1 becomes
Fqa " Kir% (1 &nR]. (3)

Accordingtothisformula, geometrically similar pillarshavethe
same strength regardless of their actual dimensions.
A second commonly used pillar strength formulatakesthe

form
w) [ h $
F."K | — —

' (4)
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whichisexpressedin adimensionally correct form. " and $ are
dimensionless parameters; w and h are the linear dimensions of
the pillar. Multiplier K, is the strength of a reference body of
coal of height h, and a square cross section with side length w,,

In most instances, the reference body is taken to be cube of
unit volume for convenience's sake, in which case hy and w, are
both unity and can be omitted from the formula. Expressions
belonging to this family are referred to as power law strength
formulas. In contrast to formulas of the form of equation 1,
these formulas are aso volume-sensitive.

EFFECTIVE WIDTH OF PARALLELEPIPED PILLARS

Thedevelopment of statistically based pillar designformu-
las rests minimally upon the premise that a fairly large and
tolerably reliable database of unfailed and failed pillar panels
can be compiled. Salamon et a. [1996] have identified anum-
ber of strict criteria that must be satisfied before a case can be
included inthe database. One of thesethat must be appreciated
when applying the outcomesof thispillar design researchisthat
these outcomes apply only to competent roof and floor en-
vironments, i.e., the database relates only to failures of the coal
pillar element of the pillar system, not to the roof or floor
elements.

Against this background, an Australian database of
19 failed and 16 unfailed cases was assembled. Rectangular
pillars comprised eight of the failed and nine of the unfailed
cases. Diamond-shaped pillars comprised one failed case. In
order to preserve in these circumstances the availability of the
strength formulas derived for square pillars, many researchers
have proposed the introduction of an effective width.

One of the most basic approachesisto define the effective
width, w,, as

We ™ WiW, ©®)

minimum pillar width (measured along
roadway)

where w; *©

and w, = maximum pillar width (measured along

roadway).

In situations where w, is not extremely different to w,, thisap-
proach has merit. However, when w, » w,, the equation pro-
duces an unredlistic effective pillar width (table 1).

Table 1.—Application of various effective
pillar width formulas
(Width and height in meters)

A W, h  /ww, 4AJC, wl
100 100 3 100.0 100 100
80 100 3 89.4 88.9 88.9
50 100 3 70.7 66.7 66.7
30 100 3 54.7 46.2 46.2
20 100 3 44.7 33.3 33.3
15 100 3 38.7 26.1 21.7
10 100 3 31.6 18.2 10.7
1 100 3 10.0 2.0 1

The most promising recommendation has come from Wagner
[1974, 1980], who, making use of the concept of hydraulic
radius, suggested that the effective width be defined as

w '4?", (6)

where A, and C, are the cross-sectional area and the cir-
cumference of the pillar, respectively.

Application of equation 6 produces effective pillar width
similar to that of equation 5 whenw, isgreater than about 0.5w,
(table 1). At moderate to low values of w, (0.4w, # w, #
0.2w,), equation 6 predicts a smaller effective width, which is
more sensible from amechanistic viewpoint. However, at very
low values of w, (w, <0.2w,), the equation isstill considered to
overestimate the effective pillar width. Thisis because when a
pillar is narrow, failureislikely to occur across the narrow di-
mension before sufficient confinement is generated in the
longitudinal direction to be of benefit.
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This leads to the concept that rectangular and irregular
pillars need to be of a critical minimum width before benefitis
gained from confinement generated in the longitudinal direc-
tion. Thisbenefit can be expected to ramp up to aplateau level
asthe minimum width increases. Furthermore, it isreasonable
to expect that this minimum critical width will be afunction of
mining height, increasing with increasing mining height.

The need to nominate a minimum critical pillar width has
been incorporated into the analysis by modifying equation 6 on
the basis that amost al pillars can be regarded as paral-
lelepipeds, i.e., their basesare parallelograms (figure 1). Pillars
therefore have side lengths w, and w, (w, # w,) and an internal
angle 2 # 90°. Equation 6 then becomes

Weo ™ LW, ()
where w is the minimum width of the pillar, i.e.,

W " w,sin2 (8)
and the dimensionless factor 1, is defined by

2w,
.
w, %w,

o

©)

Therange of thisfactor is1# 1, < 2, which is encountered as
the aspect ratio moves from unity toward infinity. Experience
indicates that much before the complete failure of apillar, its
edges are aready yielding. Thus, if the w/h ratio in one di-
rection of a rectangular pillar is low, one of the principal
stresses confining its core will remain small, and this stress,
together with the maximum stress, will control failure.

Hence, the extra confinement that may arise from the
aspect ratio will have little or no effect. It is suggested that
such apprehension may be catered for by postulating that the
effective width is the minimum width, i.e., w, * w aslong as
R <R, and it becomesw, * w,whenR>R,.

In the intermediate range, i.e., when R, # R # R, the ef-
fective width changes smoothly in accordance with

R&R,

w RU&R| -
w, " wlg

wl. (10)

Here, the choice of the limiting w/h ratiosis open to judgment.

It appears reasonable, however, to use the following values:
R "3 R," 6 (1)

Table 1 and figure 2 show the effects of the various ap-

proaches when applied to calculating the effective width of a
100-m-long, 3-m-high rectangular pillar.

b

NN\ NN

Figure 1.—Definition of mining variables associated with a
parallelepiped pillar.
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Figure 2.—Comparison of the various proposals for calculating

the effective width of a 100-m-long, 3-m-high rectangular pillar.

Using the concept of effective width, the power law in
equation 4 can be rewritten for pillars with a general paral-
lel epiped shape:

Fo " Kw'hs1” (12)

An dternativeform of thisformulaexpressesthe strength asthe
function of the pillar volume V and the w/h ratio R:

Fo " K,VARP1, (13)
where the volume refers to a dummy square pillar of width w

and height h, and the w/h ratio is calculated from the minimum
pillar width:

w,sin2
h h

V " w?h R*

(14)



The new constants aand b can be defined in terms of constants

"and $:
ar Leug) b* L("&29) (15)

3 3

Experience has shown that the original power law formula
(eguation 4) tends to underestimate the strength of squat pillars,
i.e, pillarswith aw/h ratio in excess of about 5. To cater for
this problem, Salamon and Wagner [1985] suggested an

extension of equation 4 into the range of higher w/h ratios.
This extension, after adaptation to pillars of parallelepiped

shape, is
g9
R a1
( RO]

whichisvalidif R> R, and where 1 isdefined in equation 10.
Thisparticular form was chosen to ensurethat thereisasmooth
transition betweenthisand equation 13at R * R, [Salamon and
Wagner 1985]. Here, R, and g are appropriately chosen con-
stants. The expression is often referred to as the squat pillar
strength formula.  Since its inception, it has been applied

. b,~) b
Fo" K,VARSL {—

%1}, (16)
g
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widely in the Republic of South Africausing the following pair
of constants:

R, "5 g™25 17)

In critical situations, the judgment exercised in deriving the
effective pillar width relationship may be regarded as too spec-
ulative. This concern can be addressed by either choosing an
elevated design factor of safety to account for this level of un-
certainty or reverting to the use of the minimum pillar width in
pillar strength calculations.

Another aspect to the use of rectangular pillarsis the cal-
culation of pillar load. In calculating thetributary load, the true
dimensions need to be employed. Thus, the pillar load assumes
the following form:

- (H* (w%b,) (w,%b,/sin2)

U o (18)

Inthisrelationship, * isamodifier. Itisunity inall caseswhere
the pillar burdenisthe conventiona tributary load. If, however,
due to secondary extraction the pillar load is believed to differ
from thisvalue, theload can be adjusted by applying thisfactor.
Moreover, to remain consistent with earlier calculations, ( is
takentobe: ( " 1.1 psi/ft = 24.8827 kN/m® = 24.8827 kPa/m.

UNSW INITIAL DESIGN FORMULAS

In 1992, following anumber of seriousincidentsrelated to
the lack of restriction on pillar height, the Chief Inspector of
Coa Minesin New South Wales required operators to obtain
approval tomineat heightsexceeding 4 m. To addressthe need
for a pillar design methodology, the UNSW research team
undertook in 1995 a preliminary analysis of its database
[Hocking et al. 1995]. At the time, the database comprised
14 collapsed cases and 16 stable cases that satisfied the
selection criteria. Thedatabasewasanalyzed statistically using
thefull maximum likelihood method. Galvin and Hebblewhite
[1995] subsequently published the following pillar design
formulas, which find current application in Australia:

. W0.46
Fo™ 74- 5 (MPa

(193)

and its squat pillar version (R > 5):

F" 19.24 237
W 0-133 [ 0.067

% 1} (MPa) (19b)

25
Wi el
&

A conservative approach was adopted, and the minimum
pillar width was proposed as the effective width. It follows,
therefore, that 1 * 1 in these expressions. There was little
difference in the pillar strength obtained by alowing all
parameterstofloat inthe statistical analysisasopposedto alow-
ing only the K valuesto float and fixing the other parametersto
be the same as those used for many years in the Republic of
South Africa. To avoid confusion and to facilitate the intro-
duction of the formulas, therefore, only those formulas derived
by alowing the K values to float were presented to operators.
The formula for strength based on the linear relationship took
the following form:

F, " 5.36(0.64% 0.36R) (MPa) (20)



68

UNSW REFINED (RECTANGULAR) FORMULAS

In 1996, a more comprehensive statistical analysis of the
expanded Australian database was compl eted that incorporated
the effective width of rectangular pillars as defined earlier
[Salamon et al. 1996]. Statistical methods included least
squares, limited maximum likelihood, and full maximum ikeli-
hood. Both power law models and linear law models were
evauated, and all parameters were allowed to float. Inall in-
stances, the power law model gave better correlations.

The following strength formulas were found to best
describe the observed behavior of pillarsin New South Wales
and Queensland:

(Wl 0.51
h 0.84

(MPa)

Fy, " 8.60 (214)

The corresponding expression for squat pillarsis given by

25
029 X} &1
5h

In these expressions, w * w;, sin 2, and the effective width
factor 1 isas defined in equation 10.

The relationship between pillar strength and pillar load
produced by these equations for each point in the database is
showninfigure 3. Design factors of safety associated with the
probability of achieving a stable design are shown in table 2.
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Figure 3.—Pillar strength and pillar load relationship for
both the failed (0) and unfailed (+) Australian cases.

Table 2.—Probability of failure
versus factor of safety

Probability of Factor of

failure safety
8iN10........... 0.87
5in10 ........... 1.00
1in10........... 1.22
5in100 .......... 1.30
2in100 .......... 1.38
1in100 .......... 1.44
1in1,000 ........ 1.63
1in 10,000 ....... 1.79
1in 100,000 ...... 1.95
1in 1,000,000 ..... 2.11

REANALYSIS OF THE SOUTH AFRICAN DATABASE

The original extensive South African coal pillar database
used by Salamon and Munro in 1966 has since been updated
and supplemented by Madden and Hardman [1992]. This
combined South African database comprises 44 failed and
98 unfailed cases. It has also been reanalyzed using the same
statistical techniques used for the Australian database. Two
failed caseswerelater omitted from the data set [Salamon et al.
1996].

This analysis has produced the following strength
formulas:

(W 1)0.42
h 0.60

F, " 6.88 (MPa) (223)

The corresponding expression for squat pillars (R > 5) isgiven

by

2

16.361%4

w 0.116 h 0.058

{ 0.215

&

w
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%1} (MPa)  (22b)

The linear version of the strength estimator is simply

F, " 5.60(0.69% 0.31R) (MPa)

(23)
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Figure 4.—Comparison between South African power formulas, 1966/82 and 1996. A,h " 2m; B, h " 4 m.

Figure 4 showsthe comparison between the pillar strength
produced by equations 22a and 22b and that predicted by the
origina Salamon and Munro formula and its modified squat
pillar form. In the case of a mining height of 2 m, the figure
shows that for agiven pillar strength, pillars designed with the

updated formulas may need to be about 2 m wider. For abord
width of 6 m at aw/h ratio of 10, this results in about 3% less
resource recovery. For similar circumstancesin a4-m mining
height, the increase in pillar sizeis on the order of 3.2 m.

COMBINED AUSTRALIAN AND SOUTH AFRICAN DATABASES

A further step in the research program was to combine the
South African and Australian databases and to analyze them as
a combined population, then compare and contrast them with
the two independent data populations for each country. This
combined database comprised 177 cases of pillar systems,
including 61 collapsed cases. This produced the following
formulas:

F, " 6.88 _Vh"Z} (MPa) (242)

For R > 5, the squat version of this expression takes the

following form:;
25
( ﬂ) &1
5h

F v 19051 1 o5
w 0.133 h 0.066
The corresponding linear formulais simply

%1} (MPa)  (24b)

Fq " 5.41(0.63% 0.37R) (MPa) (25)

Figure 5 showsfailed and unfailed casesin the load plane.
Thefigureillustrates afairly good discrimination between the
two setsof points. Only oneunfailed point occursonthewrong
side of the s * 1 line, and the median failed cases is 1.039.

Figure 6 shows a comparison between pillar strengths
using power law estimators derived from the Australian, South

African, and combined Australian-South African databases. The
closeness of the predictions is remarkable considering the geo-
graphical separation of the Australian and South African
coafields.
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Figure 5.—The failed (0) and unfailed (+) cases in a pillar
strength versus pillar load plot using the combined Australian-
South African database.
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CONCLUSIONS

Thestatistical analysisof the Australian databaseindicates
that the method proposed for calculating the effective width of
parallelepiped pillars produced sensible outcomes. However,
it must be remembered that, although of sufficient size to be
statistically significant, the parallelepiped database is small.
The method should therefore be used with caution.

In order to enhance confidence in the pillar design pro-
cedure, including the use of the effective pillar width method,
additional research was undertaken. It was noted that the for-
mula derived from the initial Australian database closely re-
sembled the original Salamon-Munro expression. This some-
what surprising resemblance prompted further research and
enlargement of the database. Thelarger databaseyielded pillar
strengths that again were similar to those obtained from the
initial UNSW research and by Salamon and Munro. The com-
bination of the Australian and South African databases re-
inforced the original impression, namely, that the underlying
pillar strengthsin these countries resembled each other closely.

The outcome of the investigation |ends support to the view
expressed by Mark and Barton [1996]. They suggested that
strength values obtained in the laboratory cannot be utilized in

ameaningful way in pillar design and that the variation in the
strength of pillars of the same size can be disregarded in many
instances. Mark and Barton [1996] emphasize that they do not
claim that thein situ strength of all U.S. coal isthesame. Their
study merely showed that auniform strength isabetter approxi-
mation than one based on laboratory testing. Although the
UNSW research conclusions are encouraging, complacency is
not justified. The formulas are based on competent roof and
floor conditions. Significantly different pillar strengths may be
associated with abnormal stratabehavior mechanisms. Because
pillars with w/h ratios greater than 10 have not been tested to
destruction, it must also be recognized that neither linear nor
power law formulas have been validated at w/h ratios greater
than about 8.

It cannot be overemphasized that, because the design for-
mulas have been devel oped on aprobabilistic basis, they need to
be reviewed periodically as the database expands and the un-
derstanding of pillar mechanics advances. A fundamental rule
of empirical researchisthat theresults should be used withinthe
range of data used in their derivation. Extrapolation with
empirical formulasis aways fraught with danger.
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PRACTICAL BOUNDARY-ELEMENT MODELING FOR MINE PLANNING

By Keith A. Heasley, Ph.D.," and Gregory J. Chekan?

ABSTRACT

As part of the initial investigation and validation of a new boundary-element formulation for stress
modeling in coal mines, the underground stresses and displacements at two multiple-seam coal mines with
unique stress problems were model ed and predicted. The new program, LAMODEL, calculates stresses and
displacements at the seam level and at requested locations in the overburden or at the surface. Both linear
elastic and nonlinear seam materials can be used, and surface effects, multiple seams, and multiple mining
stepscan besimulated. Inorder to most efficiently useLAMODEL for accurate stress prediction, the program
isfirst calibrated to the site-specific geomechanics based on previously observed stress conditionsat themine.
For thiscalibration process, apreviously mined areais" stressmapped" by quantifying the observed pillar and
strata behavior using a numerical rating system. Then, the site-specific mechanical properties in the model
areadjusted to providethe best correl ation between the predicted stressesand the observed underground stress
rating. Once calibrated, the model isthen used to predict future stress problems ahead of mining. At thetwo
case study mines, the calibrated model s showed good correl ation with the observed stressesand al so accurately
predicted upcoming high stress areas for preventive action by the mines.

*Supervisory physical scientist.
2Mining engineer.
Pittsburgh Research Laboratory, National Institute for Occupational Safety and Health, Pittsburgh, PA.
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INTRODUCTION

Mine planners have a variety of modeling methods, both
empirical and numerical, for analyzing pillar stresses and
determining safe pillar sizes for various mine geometries and
geologic structures.  Empirical methods emphasize the
collection and interpretation of case histories of pillar
performance. TheAnalysisof Longwall Pillar Stability (ALPS)
and Analysis of Retreat Mining Pillar Stability (ARMPS)
programs are two such empirical programs that are derived
from large databases of real-world pillar studies and can be
used for determining pillar sizesfor single-seam longwall and
retreat room-and-pillar mining, respectively [Mark 1992; Mark
and Chase 1997]. The Virginia Polytechnic Institute and State
University, Blacksburg, VA, recently developed a comparable
empirical program caled Multi-Seam Analysis Package
(MSAP) for sizing pillars for multiple-seam situations
[Kanniganti 1993]. These empirical programs are closely
linkedtoreality and very user-friendly; for many typical mining
geometries, they work extremely well.

However, it isdifficult to apply these empirical programsto
mining situations beyond the scope of the original empirical
database. Therefore, when complicated stress conditions arise
from complex single- or multiple-seam mining geometries,
numerical modeling techniques such as finite-element,
boundary-element, discrete-element, or finite-difference are
usualy applied. In general, these numerical, or anaytical,
design methodsare derived from thefundamental lawsof force,
stress, and elasticity. Their primary advantage is that they are
very flexible and can quickly analyze the effect of numerous
geometric and geologic variables on mine design. Their
primary disadvantage is that they require difficult-to-obtain
and/or controversia information about material properties,
failure criteria, and postfailure mechanics. In this paper, the
solid foundation of empirical pillar design and in-mine
observation is combined with the flexibility of numerical
modeling to provide apractical technique for mine planningin
difficult situations.

LAMODEL

In order to analyzethedisplacementsand stresses associated
with the extraction of large tabular deposits such as coal,
potash, and other thin vein-type deposits, the displacement-
discontinuity variation of the boundary-element technique is
frequently the method of choice. In the displacement-
discontinuity approach, the mining horizon is treated
mathematically as a discontinuity in the displacement of the
surrounding media. Using this technique, only the planar area
of the seam needs to be discretized, or gridded, in order to
obtain the stress and displacement solution on the seam. Often,
thislimited analysisis sufficient, because in many applications
only the distributions of stress and convergence on the seam
horizon are of interest. Also, by limiting the detailed analysis
to only the seam, the displacement-discontinuity method
provides considerable computational savings over other
techniques that discretize the entire body (such as finite-
element, discrete-element, or finite-difference). It is a direct
result of this computational efficiency that the displacement-
discontinuity method is able to handle large areas of tabular
excavations, which is needed in many practical coal mining
problems.

A displacement-discontinuity program incorporating a
laminated medium was recently developed by the National
Ingtitute for Occupational Safety and Health, Pittsburgh

Research Laboratory; this new program is called LAMODEL.
Traditional displacement-discontinuity programs use a
homogeneous isotropic elastic formulation that simulates the
overburden as one solid material. In contrast, the LAMODEL
program simulates the geologic overburden stratificationsas a
stack of layers with frictionless interfaces. Specificaly, each
layer is homogeneousisotropic elastic and has the same elastic
modulus, Poisson's ratio, and thickness. This "homogeneous
layering" formulation does not require specifying the material
properties for each individual layer, yet it still provides a
realistic suppleness to the mining overburden that is not
possible with the classic homogeneous isotropic elastic
overburden model. From our experience, this suppleness
provides a more accurate strata response for modeling local
deformations, interseaminteractions, and/or surface subsidence.
TheLAMODEL program cal culatesstressesand displacements
at the seam level and at requested locations in the overburden
or at the surface. Both linear elastic and nonlinear seam
materials can be used. The program aso has the ability to
anayze (1) theinterseam stressesresulting from multiple-seam
mining, (2) the effects of topographic relief on pillar stress and
gob loading, (3) the stress changes during mining through
multiple mining steps, and (4) the surface subsidence.

INITIAL MATERIAL PROPERTY GENERATION

As mentioned earlier, one of the most difficult aspects of
using a numerical model is determining the correct (most
accurate) material properties for input. After developing
numerous displacement-discontinuity models and then

comparing their results with field measurements and
observations, a fairly streamlined, systematic technique for
developing initial material propertieswas developed. Initialy,
the critical material properties (coal, gob, and rock mass) are



determined using a combination of laboratory research,
empirical formulas, and experience. Then, in the calibration
process, these initial material properties are systematically
adjusted in subsequent runs of the model until the results
correspond as closely as possible to field observations. This
technique for determining material properties has many
similarities to the procedure used by Karabin and Evanto
[1999].

First, to address the problem of determining the input coal
behavior, thebasic coa strengthsarederived fromtheempirical
pillar strength formulas, which are solidly based on observed
pillar behavior. Specifically, the peak strength of amodel coal
element isdirectly determined based on anin situ coa strength
anditsdistancefromthe edgeof thepillar [Heasley 1998] using
the stress gradient implied by the Bieniawski pillar strength
formula [Mark and Chase 1997]. This peak strength is then
implemented using an elastic, perfectly plastic material model
[Zipf 1992]. For aninitial estimate, an in situ coa strength of
6.2 MPa (900 psi) [Mark and Barton 1997] and an elastic
modulus of 2 GPa (300,000 psi) istypically used.

This general procedure for generating the initial coal
properties for elements in LAMODEL fulfills a number of
practical requirements. It provides LAMODEL pillars with
peak strengthsthat closely follow theempirically proven Mark-
Bieniawski pillar strength formula and with stress profiles that
closely follow the Bieniawski stress profile. Asopposed to a
simpleelastic material model with no load limit, this procedure
using elastic-plastic material alows the pillars to reach a
maximum load-carrying capacity and then redlistically shed
additional load to surrounding areas. Table 1 presents typical
elagtic-plastic material input values for 3-m (10-ft) coal
elementsinal.8-m (6-ft) ssamwitha6.2-MPa(900-psi) insitu
coal strength. (Note that the peak stress for the coal elements
decreases from the core to the rib of the pillar, which givesthe
pillar the proper stress profile.)

Second, to address the gob loading and compaction
behavior, a combination of laboratory research and modeling
experienceisused. Inthelaboratory, Pappasand Mark [1993]
found that an exponentially strain-hardening material with a
tangent modulus that increases linearly with stress provided a
reasonable representation of simulated gob material. This
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material model isimplemented in LAMODEL [Heasley 1998]
and is used for the gob modeling. The necessary input for this
material is initial modulus, final modulus, and fina vertical
stress. From experience, these three values are initially set at
6.2 MPa (900 psi), 110 MPa (16,000 psi) and 27.6 MPa (4,000
psi), respectively (seetable 1).

Table 1.—Typical elastic-plastic coal and
strain-hardening gob parameters

COAL ELEMENTS: UPPER MINE

Peak
Peak
Element stress, strain
MPa
A(core) ....... 85.9 0.04152
B............ 56.1 0.02712
C...... .. 38.3 0.01992
D(rib) ........ 114 0.00552
GOB ELEMENTS
Initial Final Final
modulus, modulus, stress,
MPa MPa MPa
6.2 110 27.6

Thethird critical set of materia inputsin LAMODEL isfor
the overburden and consists of a lamination thickness and an
elastic modulus. In LAMODEL, the lamination thickness has
amagjor influence on the stress and displacement distribution at
the seam and throughout the overburden. Prior research
[Heasley 1998] comparing LAMODEL results with empirical
relationships and measured field datashowsthat for large-scale
stress distributions (such as longwall abutments) lamination
thicknessesranging from 15to 100 m (50 to 300 ft) providethe
best match to field measurements. However, when small-scale
stress distributions (such as interseam stresses) or overburden
displacements (such as subsidence) are of primary concern,
then lamination thicknessesranging from 3to 15m (10 to 50 ft)
provide the best match to field observations [Karabin and
Evanto 1999; Pappas and Mark 1993]. A lamination thickness
of 15 m (50 ft) was used for case study 1, and a thickness of
5 m (15 ft) was used for case study 2. In both case studies, an
elastic modulus of 20 GPa (3,000,000 psi) was used for the
overburden.

STRESS MAPPING

In order to optimally use LAMODEL for accurate stress
prediction at a given mine, the program should first be
calibrated to the site-specific geomechanicsbased on previously
observed stressconditionsat that mine. Oneof thesimplest and
easiest methods to "quantify" the stress at a particular mineis
to use "stress mapping." The pillar-centric stress mapping
technique used here to quantify the observed stress conditions
is a dlight modification of the stress mapping technique
originally devel oped for mapping areasof high horizontal stress

[Mucho and Mark 1994]. For LAMODEL calibration in these
case studies, the primary interest is the stress in the pillars;
therefore, the primary stress indicator is the pillar rib damage,
although other stress-related features, such as roof cracks or
floor heave, are aso noted during the stress mapping process
because they can be useful indicators of stress reactions.
Stress mapping amine areaessentially consists of traveling
theroomsand crosscutsin that areaand carefully observing the
conditions of the pillars, roof, and floor. The observed
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conditions are assigned a humerical rating and indicated on a
map. For the rib damage stress mapping used here, the
following numerical rating criteria were applied:

0: Rib till intact with no sloughed coal, original rock dust

till in place.
1. Verydight pillar sloughage, somebroken coal at base of
rib.

2: Slight pillar oughage, broken coal covers one-third of
rib.

3. Significant pillar soughage, broken coal piled halfway
up rib.

4: Severepillar sloughage, broken coal piled almost toroof.

5. Ribiscomposed of completely broken coal at the angle
of repose, pillar may be failed.

MODEL CALIBRATION

In the model calibration process, the initial material
properties are systematically adjusted in subsequent runs of the
model until theresults correspond asclosely aspossibletofield
observationsand/or empirical formulas. For thecoal properties,
thein situ coa strength isadjusted until the pillar stress/failure
in the model matches the observed pillar behavior as
represented by the stress mapping/rib rating. For the gob
properties, the final modulus value is typically adjusted up or
downin LAMODEL toincrease or decreasethe gob stress until
the model gob stress matches empirical abutment angle
formulas [Mark and Chase 1997] and/or field measurements
and observations. For theoverburden properties, thelamination
thickness is typically adjusted up to provide wider abutment
stresses and smaller interseam stresses or adjusted down to
provide narrower abutment stresses and greater interseam
stresses as dictated by the observed stress mapping.

Once the model is reasonably calibrated and realistic pillar
strengths and load distributions have been established, the

mechanics-based overburden behavior in the LAMODEL
program can be effectively used to accurately analyze the
complicated stresses and displacements associated with future
complex mining scenarios. The above technique of combining
empirical pillar strength and abutment load formulas with
in-mine stress mapping and the analytica mechanics of a
displacement-discontinuity model capitalizes on the strengths
of both theempirical and analytical approachesto pillar design.
The empirical formulas and observational calibration base the
model on redlistic behavior; the analytical mechanicsalow the
model to accurately consider and anayze the effects of
numerous geometric and geologic variables. Using this
technique, adisplacement-discontinuity model can bethe most
practical approach for stress analysis and pillar design in
complex mining situations such as multiple seams, random
pillar layouts, and/or variable topography.

CASE STUDY 1

Thefirst casestudy |ocationwasamultiple-seam, room-and-
pillar coal mining situation in eastern Kentucky. At this
location, the lower mine had been adversely affected by mining
in the upper seam (see figure 1). In particular, the lower mine
experienced serious ground control problems when it mined
under a barrier pillar between two upper seam gobs ("Model
Ared' shown in figure 1). At this multiple-seam interaction
site, in-mine stress mapping was used to quantify the severity
of the multiseam interactions. This stress mapping was aso
used to calibrate a LAMODEL simulation of the area. The
results of this numerical simulation provided predicted stress
levelsto avoid in future multiple-seam or high-cover mining.

The geology at thislocationisfairly typical of the southern
Appalachian coal basin, with various sedimentary layers of
sandstones, siltstones, shales, and numerous coa seams. The
topography is very rugged, with various steep ridges and
valleysthat have a topographic relief of over 600 m (2,000 ft)
(seefigure 1). The overburden in the study area ranged from
150to 450 m (500 to 1,500 ft), with an average of about 300 m
(1,000 ft). Because of the highly variable topography at this
mine, it was critical to include the topographic stress effectsin
LAMODEL in order to obtain accurate resuilts.

The overlying, or upper, mine operatesin the Upper Darby
Seam, which typically averages about 2.0 m (6.0 ft) thick. The
lower mine operates in the Kellioka Seam, which averages
about 1.5 m (4.5 ft) thick in the study area. The interburden
between thetwo seams averages about 14 m (45 ft) and consists
of interbedded sandstones and shales. The corelogs nearest to
the study site indicate about 3.5 to 5 m (10 to 15 ft) of shale
directly over the Kellioka Seam. Thisisthen overlainby 7.5to
10.5 m (25 to 35 ft) of interbedded sandstones and shales, with
shale primarily forming the floor of the Upper Darby Seam.
Both mines are room-and-pillar drift minesand use continuous
miners for coal extraction. In some production sections,
depending on local mining conditions, the mines remove the
pillars on retreat for full extraction.

In the study area, the lower mine was forced to dogleg
around an abandoned, flooded mine in the upper seam (not
shown in figure 1). This dogleg forced the lower mine to
develop entries under a barrier pillar between two previously
mined, upper seam gobs, as shown in the detail of figure 2.
Minemanagement antici pated i ncreased multiple-seam stresses
in this area. In an effort to safely control these higher stress
levels, the mine located the critical travelway and belt entries
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Figure 1.—Mine map for case study 1.

away from the influence of the barrier pillar and used adouble
row of supplemental cable bolts on 0.6-m (2-ft) centers
throughout most of the travel entry under the upper seam
mining. With these precautions, the mine was able to safely
and efficiently mine the entries under the barrier pillar and
surrounding gob. However, throughout the section, the stress
effectsof theoverlying barrier and gob wereabundantly visible,
and on two occasions (in the northeast corner of the section),
the mine was unable to complete crosscuts because of roof
instability and poor pillar conditions.

STRESS MAPPING

In order to quantify the stress effects of the barrier pillar and
gob zones on the lower seam, a detailed stress mapping of a
large portion of overmined areawas performed. Aspreviously
described, the amount of rib sloughing was noted on a scale of
0 to 5, and any stress-related features such as roof cracking,
potting, cutting, or floor heave were also noted. The results of
this stress mapping exercise are shown in figure 3A. In this
figure, the observed condition of the pillar ribsisshownin gray
scale by degree of damage; the darker shades signify increased
sloughing (or stress). Also, the observed roof cracking, potting,
cutting, and floor heave are indicated on the map.

Several useful observations can be made from the detailed
stress mapping shown in figure 3A. First, the transfer of the
abutment stresses from the overlying mineto the areaunder the
barrier pillar and to the area at the ends of the pillared sections
can clearly beinferred in the rib conditions of the lower mine
pillars. Also, as a corollary to the interseam transfer of the
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Figure 2.—Enlargement of model area for case study 1.

barrier pillar abutment stresses, thelower seam pillarsunder the
gob areas in the upper seam show considerable stress relief.
The next magjor observation pertains to the location and
orientation of theroof tension cracksand guttering. Clearly, the
tension cracksin the roof of the northeast corner of the section
are situated directly under the overlying barrier pillar and are
oriented parallel to the axis of this pillar. Also, the observed
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Figure 3.—Comparison between (A) in-mine stress mapping and (B) LAMODEL
calculated stresses for mine 1.



compressional roof cutters are located at the edge of, or
adjacent to, the overlying abutment zones and oriented parallel
to these zones. Thislocation and orientation of the tension and
compression suggest that the lower mine roof is behaving like
abeam that is bending into the relatively soft coal seam under
the load of the barrier pillar in the upper seam. This beam
scenario correctly accounts for the tension directly under the
applied load and the compression adjacent to the applied | oad.

MODEL DESIGN

For the LAMODEL simulation of this area, the seamswere
discretized with 3-m (10-ft) elementsin a150-by-150 grid with
the model boundary, as shown in figure 2. Symmetrical seam
boundary conditions were set on all four sides, and no free-
surface effectswereincluded. Theinterburden wasset at 14 m
(45 ft), and the rock mass was simulated with a modulus of
20 GPa (3,000,000 psi) and 15-m (50-ft) thick laminations. An
elagtic, perfectly-plastic material was used for the coal in both
seams, and the peak strength of the coal was determined from
the Mark-Bieniawski pillar strength formula, asin appendix C
of Heasley [1998]. Table 2 presents the coal and gob input
values used in LAMODEL for this particular case study.

Also, because of the high topographic relief at the site, the
topography was discretized with 15-m (50-ft) elements for an
area extending 300 m (1,000 ft) beyond the limits of the
displacement-discontinuity grids. Theimportanceof including
thetopographic stresseffectsinthemodel isevidentinfigure4,
which shows the topographic stress at the level of the lower
mine. Itisinterestingto notein thisfigurethe amount to which
the topographic stress is "smoothed" with depth compared to
the original topography. Also, itisevident that the overburden
stress changes about 3 MPa (450 psi) in traversing from the
southwest to the northeast corner of thepillarsin the study area.
Thisdifferencein overburden stresscould very well account for
the increased mining difficulties at the northeast corner of the
section.

MODEL CALIBRATION AND ANALYSIS

Very littlework wasrequired for calibratingthe LAMODEL
simulation to the observed stress mapping. In both seams, the
original Mark-Bieniawski pillars strengths and the initia
overburden modulus and lamination thickness provided agood
fit to the observed pillar behavior (see figure 3). The only
parameter that was ultimately manipul ated was the modul us of
the gob material (see table 2). This modulus was adjusted to
provide a peak gob stressin the range of 40% to 60% of in situ
stress, a reasonable range for a 90-m (300-ft) wide gob in
300 m (1,000 ft) of cover [Mark and Chase 1997]. A number
of variations in pillar strength, overburden modulus, and
lamination thickness were investigated, and the simulation
results varied a little. However, the initial parameter values
with the adjusted gob modul us provided areasonably optimum
fit to the observational stress mapping.
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Table 2.—Coal and gob parameters
for case study 1

COAL ELEMENTS: UPPER MINE

Peak
Peak
Element stress, strain
MPa
A (core) . .... 85.9 0.04152
B.......... 56.1 0.02712
C.......... 38.3 0.01992
D(rib) ...... 114 0.00552
COAL ELEMENTS: LOWER MINE
Peak
Element stress, ;?;Ir(]
MPa
A(core) .. ... 113.2 0.05472
B.......... 73.5 0.03552
C.......... 53.6 0.02592
D(rib) ...... 13.9 0.00672
GOB ELEMENTS
Initial Final Final
modulus, modulus, stress,
MPa MPa MPa
6.2 110 27.6

The caculated pillar stresses from the fina calibrated
LAMODEL run are shown in figure 3B. These modeled
stresses correlate extremely well with the stress mapping in
figure 3A. The high stresses under the barrier pillar are evident
in the model results; the area of stress relief under the gob is
also shown. Even the intermediate stress levels under the
overlying pillars and solid coal in the southwest corner of the
model closely match the observed pillar stressmapping. A few
more details of the model ed stress output are showninfigure5,
where the isolated single-seam stress and just the interseam
stress are displayed. In thisfigure, the effect of the overlying
barrier pillar can be clearly seen. In particular, the maximum
single-seam stress on the pillars (figure 5A) of around 15 MPa
(2,200 psi) is seen to increase to over 36 MPa (5,200 psi) with
the addition of the barrier pillar stress (figures 5B and 5C).
Also, it is interesting to note the increased abutment stress in
the northeast corner of the section (figure 5C), presumably due
to the increasing overburden and the increasing distance from
the upper panel boundaries. A stress relief of about 7 MPa
(1,000 psi) under the gob areasis aso shown in figure 5C.

For the mine management, this stress modeling using
LAMODEL, in conjunction with good in-seam correlations
with stressmapping, provided val uable background information
for future multiple-seam mine planning. In this case study,
a calculated multiseam stress concentration of about 15 MPa
(2,200 psi) with pillar stresses of 35 MPa (5,200 psi) at thissite
caused sufficient roof instability to prohibit the mine from
driving two crosscuts. Therefore, it seems that the 15-MPa
stress concentration (35-MPapillar stress) is close to an upper
limit for successful entry development at thismine. The mine
can use this calculated limit in conjunction with future
modeling in order to lay out future room-and-pillar panels
influenced by overlying workings.
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Figure 4.—Calculated topographic stress for case study 1.
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Figure 5.—The LAMODEL stress output for case study 1. A, Single-seam stress; B, multiple-seam stress; C, additional stress from
upper seam.
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CASE STUDY 2

Thesecond study sitewasalongwall minelocated in Greene
County, PA, and operating in the Sewickley Seam. Thismine
isunderlain by an abandoned room-and-pillar operation in the
Pittsburgh Seam. The primary problem at this site was the
transfer of multiple-seam stressfrom the lower mine. Yielding
of smaller pillars and the subsequent transfer of their load to
larger pillarsin the lower seam apparently caused increasesin
vertical stress in the upper seam that were noticed during
development of the headgate entries (see figure 6). Severe
pillar spalling and poor roof conditionswere experienced when
mining the headgate over these large pillars in the lower seam
(figure 7). Mine management was concerned that these
underlying abutment pillar stresses would continue to be a
problem farther inby in the headgate and also in the longwall
panel becausetherewere several areasinthelower seam where
similar pillar conditions seemed to exist.

Inthe study area, the overburden above the Sewickley Seam
ranges from 150 to 280 m (500 to 910 ft) and consists
predominantly of interbedded shales and sandstones. The
interburden between the Sewickley and Pittsburgh Seams
ranges from 27 to 30 m (90 to 100 ft) thick and consists of
interbedded shalesand limestones. Theaveragemining heights
of the Sewickley and Pittsburgh Seams are 1.5 m (5 ft) and
1.8 m (6ft), respectively. Theimmediateroof of the Sewickley
Seam is composed of a jointed dark sandy shale that ranges
from 3 to 45 m (10 to 15 ft) thick and is overlain by a
competent limey shale. Theimmediate floor of the Sewickley
Seam is composed of a 1.2-m (4-ft) thick dark limey shale
underlain by a competent limestone unit.

STRESS MAPPING

Figure 6 shows the overlay of the lower seam workings on
the upper seam longwall panel and the area of the headgate
where the stress mapping and model calibration were
conducted. As described earlier, the process of calibration
involved the use of stress mapping to assign arating from 0 to
5 based on the observed pillar rib conditions. Thefirst 600 m
(2,000ft) of the headgate entries, where problemsfirst occurred
(see figure 6), were traversed and assigned rating numbers
based on the observed conditions. Figure 7A shows the rib
damage rating assigned to each rib in this area of the headgate.

MODEL DESIGN AND CALIBRATION

Once the stress mapping was complete, LAMODEL
calibration wasinitiated. For calibration purposes, the "Stress
Mapped Area" shown in figure 6 was discretized with 3-m
(10-ft) elementswith a90-by-200 grid. Symmetrical boundary
conditionswereset on al four sides, and no free-surface effects
wereincluded. Theinterburdenwas set at 27 m (90 ft), and the
rock masswas simulated with amodulus of 20 GPa (3,000,000
psi) and 5-m (15-ft) thick laminations. The overburden above
the lower mine in this area ranged from 180 to 300 m (600 to

1,000 ft). Due to this variable topography, the topographic
stress effects were included in LAMODEL in order to obtain
accurate overburden stress results.

Based on the observed stress mapping, model calibration
was conducted under the assumption that the smaller pillars
(<10.5 m (<35 ft) wide) in the lower mine had essentialy
yielded and transferred their load to nearby larger pillars.
Therefore, in the first step of the calibration process, the coal
strength in the lower mine model was adjusted until the pillars
showed this observed behavior. Initialy, using the elastic-
plasticimplementation of the Bieniawski formula, aspreviously
explained, an in situ coa strength of 6.2 MPa (900 psi) was
used to calculated peak stress and strain values for each coal
element, and theinitial calibration model wasrun. Inthisinitial
model, the coal in the lower mine was too strong and did not
show the desired yielding in the smaller pillars. Therefore, in
order to obtain the desired small pillar yielding and subsequent
stresstransfer tothelarger pillars, thein situ coa strengthinthe
lower seam was gradually decreased to 4.2 MPa (600 psi).

With the in situ coa strength of 4.2 MPa (600 psi) in the
lower seam and the original coa strength of 6.2 MPa (900 psi)
in the upper seam, the model correlated very well with therib
damage rating from the stress mapping. Therib damage rating
isingray scalein figure 7A; the resultsfrom the model areina
comparative gray-scale plot in figure 7B. Clearly, the model
pillars with high rib stress correlate well with the pillars with
high damage ratings. It can be observed in figure 6 that these
highrib stressesoccur over thelargepillarslocated in thelower
mine in conjunction with overburden that exceeds 250 m
(870ft). Thefinal coal and gob propertiesusedin LAMODEL
for the upper and the lower mine are presented in table 3.

Table 3.—Coal and gob parameters
for case study 2

COAL ELEMENTS: UPPER MINE

Peak Peak
Element stress, strain
MPa
A (core) . .... 102.3 0.04944
B.......... 66.5 0.03216
C.......... 48.7 0.02352
D(rib) ...... 12.9 0.00624
COAL ELEMENTS: LOWER MINE
Peak
Element stress, Et?:ilrj
MPa
A(core) .. ... 56.8 0.02747
B.......... 36.9 0.01787
C.......... 27.0 0.01307
D(rib) ...... 7.2 0.00347
GOB ELEMENTS
Initial Final Final
modulus, modulus, stress,
MPa MPa MPa
6.2 138 27.6




83

—_— (\\
: )/ >\..\ HE
0 [ G [ [ [ [T [ - Sanop
oy 7 DDH%Q@D ([ [ [ [ s o o [ | OO m1x il
| 7 O OOL
mE )W 000000
e% o) 200 (0000
v ﬂ.\( 0
O G i T o | S o [ o ]
54 | N O e o s
,TT%MMUTT

N

Figure 6.—Mine map for case study 2.
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STRESS PREDICTION FOR MINE PLANNING

With material properties calibrated from observed stress
conditions in the mine, additional LAMODEL analyzes were
created and run in order to predict areas of potential problems
within the remaining headgate and the future longwall panel.
Figure 8 shows two areas of the headgate and longwall panel
that were modeled using optimized properties from the
calibration process. These gray-scale plots show theinterseam
stress, which is the additional stress on the upper mine due to
the lower seam mining. Inthisfigure, zone 1 coversthe upper
(inby) part of the headgate panel and the first 365 m (1,200 ft)
of the longwall panel; zone 2 covers the lower part of the
headgate (where the stress problems werefirst noticed) and the
last (outby) 330 m (1,100 ft) of the longwall panel. In these

two zones, the lower mine pillar conditions and the overburden
depths appeared similar; therefore, the poor pillar conditions
encountered in zone 2 were expected in zone 1.

However, when comparing the interseam stress between
these two zones as shown in figure 8, it is obvious that the
stress in zone 2 is considerably greater than that in zone 1.
Closer investigation revealstwo primary reasonsfor this. First,
the maximum depth over the gate roads and panel in zone 2 is
over 280 m (920 ft); in zone 2, the maximum depth is just over
250 m (870 ft). Second, when examining the model output for
the lower mine, there seemsto be less pillar yielding in zone 1
thaninzone?2. Infigure6, it can be seen that the smaller pillars
in zone 1 are dispersed among larger pillars and have widths
>12 m (>40ft), whereasin zone 2, thereisalarge areaof pillars
withwidths<10.5m (<35ft). Thelarger, moredispersed small
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pillarsin zone 1 suffer less pillar yielding and therefore cause
less load transfer (or interseam stress) on the upper mine (see
figure 8). During headgate development in zone 1, no pillar
problems were encountered. Thus, the calibrated model
successfully predicted the reduced stress conditions in the
headgate of zone 1.

The mine management was also concerned about the
multiple-seam stresses adversely affecting the retreating
longwall panel. Inparticular, alarge, irregularly shaped barrier
pillar in the lower mine is superimposed under the center line
of theinitial half of the longwall panel in zone 1 (seefigure 8).
However, theinterseam stress cal cul ated by themodel fromthis
barrier pillar reaches only about 3 MPa (450 psi). When the
panel was mined, this slightly increased face stress presented
very little problem. Some slight spalling was present on the
face during the extraction, but overall face conditions were
generaly good and no severe ground control problems were
evident.

However, in the lower part of the panel near the headgate
location where poor ground conditions were first encountered
(see zone 2, figure 8), an area of interseam stress up to 9 MPa
(1,300 psi) isevident in the panel. Because of the underlying
barrier pillar, the mine anticipated difficult face conditionsin

this area. Indeed, when the longwall face reached this area,
ground control problemsthat included severe face spalling and
poor roof condition in the headgate entries were encountered.
In fact, the stress interaction with the lower seam was severe
enough to stop the longwall face about 15 m (50 ft) short of the
longwall recovery chute and make recovery of the supports
difficult.

When comparing conditionsin zone 1 with those of zone 2,
there seemsto be a very fine line in the occurrence of ground
control problems in the upper seam depending on the
overburden depth and the pillar size in the lower seam.
Problems were more likely to occur when the depth of cover
over the Sewickley Seam exceeded 250 m (820 ft) and when
large areas of narrow pillars (<10.5 m (<35 ft) wide) in the
lower seam were located adjacent to a larger barrier pillar.
These conditions caused yielding of the narrow pillars and the
shedding of their load to the adjacent larger pillar. This
concentrated abutment stress was then transferred to the upper
mine, resulting in poor ground conditions in areas of the
headgate entry and longwall panel. Throughout thiscase study,
the calibrated LAMODEL program successfully predicted the
high stress areas in advance of mining.

CONCLUSIONS

The primary purpose of the case studies presented in this
paper was to validate the new LAMODEL boundary-element
program and investigate its utility for stress modeling in mine
planning. Based on the comparisons between the stress
mapping and the model resultsfor thetwo case studies, it seems
that the LAMODEL program can be calibrated to producegood
correlations with the observed stresses. In addition, once
realistic pillar strengths and load distributionswere established
by calibration, the mechanics-based overburden behavior in
LAMODEL effectively analyzed the complicated stresses and
displacements associated with the complex multiple-seam
mining scenarios and successfully predicted upcoming high
stress conditionsin advance of mining for preventive action by
mine management. In case study 1, a calculated multiseam
stress concentration of around 15 MPa (2,200 psi) with pillar
stresses of 35 MPa (5,200 psi) seemed to be an upper limit for
successful entry development at this mine. Similarly, in case
study 2, a calculated multiple-seam stress concentration of
9 MPa (1,300 psi) produced severe face spalling and poor roof
conditions in the headgate entries, whereas a 3-MPa (450-psi)
stress concentration was barely noticeable.

A secondary goal was to present a fairly streamlined,
systematic methodology for developing initial material
properties and then calibrating these properties to field
observations. Initially, the critical material properties (coal,
gob, and rock mass) are developed using a combination of
laboratory research, empirical formulas, and experience. Then,
in the calibration process, a previously mined area is "stress
mapped" by quantifying the observed pillar and strata behavior
using a simple numerical rating system. Finaly, the initial
material properties are systematically adjusted in subsequent
runs of the model until the results provide the best correlation
between the predicted stresses and the observed underground
stressrating. This methodology of combining empirical pillar
strength and abutment load formulas with in-mine stress
mapping and the analytical mechanics of a displacement-
discontinuity model capitalizes on the strengths of both the
empirical and analytical approachesto pillar design to provide
apractical technique for mine planning in difficult situations.
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EXPERIENCE WITH THE BOUNDARY-ELEMENT METHOD
OF NUMERICAL MODELING TO RESOLVE COMPLEX
GROUND CONTROL PROBLEMS

By George J. Karabin, P.E.," and Michael A. Evanto, P.G.2
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ABSTRACT

TheMine Safety and Health Admini stration, Pittsburgh Safety and Health Technol ogy Center, Roof Control
Division, isroutinely involved in the evaluation of ground conditionsin underground coal mines. Assessing
the stability of mined areas and the compatibility of mining plans with existing conditions is essential to
ensuring asafe working environment for mineworkersat agiven site. Since 1985, the Roof Control Division
has successfully used the boundary-element method of numerical modeling to aid in the resol ution of complex
ground control problems. This paper presents an overview of the modeling methodology and details of
techniques currently used to generate coal seam, rock mass, and gob backfill input data. A summary of coal
and rock properties used in numerous successful evaluations throughout the United Statesisincluded, and a
set of deterioration indicesthat can aid in the quantification of in-mine ground conditions and verification of
model accuracy isintroduced. Finally, acasestudy isdetailed that typifiesthe complexity of mining situations
analyzed and illustrates various techniques that can be used to eval uate prospective design alternatives.

*Supervisory civil engineer.
*Geologist.
Mine Safety and Health Administration, Pittsburgh Safety and Health Technology Center, Roof Control Division, Pittsburgh, PA.
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INTRODUCTION

Effective mine design has long been recognized as an
essential element in establishing safe and productive mining
operations. Numerousinvestigatorshavedevel oped techniques
toanalyze pillar stability and maximize mining efficiency. The
work of Holland and Gaddy [1964], Obert and Duvall [1967],
and Bieniawski [1984], to name a few, served as a staple for
mining engineersfor many years. With the advent of longwall
mining, new techniques were developed by Carr and Wilson
[1982], Hsuing and Peng [1985], Choi and McCain[1980], and
Mark [1990] to address design considerations for that
technology. Most recently, the devel opment of the Analysis of
Retreat Mining Pillar Stability (ARMPS) methodology [Mark
and Chase 1997] for the evaluation of retreat mining operations
added an additional tool for engineers to design and evauate
full pillaring techniques.

Each of these methods can provide areasonable estimate of
pillar strength and stability under specific conditions and
relatively simple mining geometries. In practice, however,
situations often arise where areas of concern contain a number
of pillar configurationswith varying entry and crosscut widths,
spacings, and orientations. Additiona factors, such as non-
uniform pillar lines, remanent stumps scattered throughout
irregularly shaped gobs, and multiple-seam mining, can further
complicate an analysis. In such instances, application of the
previoudy mentioned empirical and analytical methods to
accurately evaluate ground stability is difficult, if not totally
impossible.

A primary function of the Roof Control Division, Pittsburgh
Safety and Health Technology Center, is to provide technica
assistance to the Mine Safety and Health Administration
(MSHA) and the mining industry in the resolution of complex

roof control problems. In order to evaluate mining systems not
easily treated by simplified empirical or anaytical methods,
boundary-element numerical modeling was initiated in 1984
and expanded in 1987 with acquisition of the BESOL system
from Crouch Research, Inc., St. Paul, MN. The ability of the
three-dimensional (3-D) boundary-element method to model
large mine areaswith complex geometries has enabled the Roof
Control Division to successfully simulate conditions and
identify potential solutionsto ground control problemsin mines
throughout the United States. The technique has been applied
to avariety of mining scenarios, including longwall and room-
and-pillar operations using both conventional and yield pillar
configurations. The influence of vertical and horizontal stress
has been model ed to simulate underground conditions ranging
from deteriorating roof and persistent fall sto areas of squeezing
ground and complete pillar failure.

In the process of developing numerical models for the
various mining operations analyzed during the last 10 years,
asystematic simul ation methodol ogy hasevolved. Techniques
to estimate the necessary coal, rock, and gob backfill properties
have been established, and adeterioration index was devel oped
to quantify in-mine roof, floor, and pillar behavior to assist in
calibrating model parameters and evaluating potential mine
design alternatives. This paper presents a brief description of
theBESOL system, anoverview of thesimulation processused,
and details of methods used to construct models and estimate
rock mechanics parameters. A discussion of the deterioration
index system and details of a case study typifying an actual
mine simulation and techniques used to eval uate conditionsand
proposed mining optionsis also included.

BESOL SYSTEM DESCRIPTION

BESOL is asystem of computer programs for solving rock
mechanics problems based on the boundary-element dis-
placement discontinuity method of analysis. The 3-D MS221
version (yielding and multiple-seam capability) was acquired
from Crouch Research, Inc., and has been used by the Roof
Control Division to evaluate complex mining systems since
1987. The BESOL system is complete with graphic pre- and
postprocessors that greatly simplify model construction and
output data interpretation.

Figure 1 presents a generalized BESOL boundary-element
model that illustrates atabular seam or ore body surrounded by

ahomogenous, isotropic, linearly elastic rock mass. Input data
include elastic rock mass properties and rock strength criteria,
seam properties, and backfill or artificial support characteristics.
A definition of the seam plane(s), detailed geometry of the
excavation, mining depth, seam height, and a complete 3-D
in situ stress state of the model are also required. Output
capabilitiesincludestress, strain, and displacement cal culations
within user-selected areas (both on and off the seam plane),
failure index (Mohr-Coulomb or Hoek-Brown roof and floor
safety factors) calculations at variable locations in the rock
mass, and energy release estimates in yielding areas.



BESOL was selected by the Roof Control Division because
it offered a number of features considered essential in sim-
ulating complex mining situations. These include:

3-D capahility

Large fine-mesh grid (180 by 270 elements)
Yielding seam option (user-defined)
Multiple-seam capability

Backfill and artificial support materias
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Other features that made the package attractive were:

PC-based operation

Off-seam stresg/strain capability

Failure index calculation (Mohr-Coulomb/Hoek-Brown)
Graphic pre- and postprocessors

Multiform hard-copy output capability
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Figure 1.—Generalized BESOL boundary-element model.
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SIMULATION PROCESS

Figure 2 presents an eight-step process used by the Roof
Control Division during the simulation of underground mining
systems. Although it is specificaly directed to numerical
modeling applications, it can also be used in conjunction with
empirical or analytical methods.

1. Observe Underground Areas: Thisis an essentia first
step in solving ground control problems regardless of the
methodol ogy employed. Mineconditionsshould becategorized

Observe
Underground
Areas
¥
Estimate
Model
Parameters
¥
Model

Observed
Areas
2
Verify
BAD Model
Accuracy

\

Recalibrate

Establish
Threshold
Limits
¥
Model

t = New
Configurations

Redesign ¥

Evaluate

New
Configurations

“BAD>

Implement
Best
Alternative

Figure 2.—Simulation process.

in anumber of areas where differing pillar sizes, panel config-
urations, and overburden levels are found. The deterioration
index system, which will be discussed later in this paper, can
aid in the description of in-mine ground conditions.

2. Estimate Model Parameters: Coal, rock, and gob prop-
erties must be established consistent with the requirements of
aparticular numerical method. Ideally, these propertieswill be
based on coal and rock tests of the specific mine site. In the
absence of these data, published properties of adjacent or same
seam mines can be used. When no site-related data are
available, general coal and mine roof rock properties can be
used. Regardiess of the source of data, it cannot be over-
emphasized that they represent only a first estimate of mine
roof and rock properties that must be validated.

3. Model Observed Areas. The third step of the process
involves modeling each of the areas observed underground.
The properties estimated above are tested under various
geometric and overburden conditions to determine their
usability. Successfully modeling many areasunder avariety of
different conditionsincreases confidenceinthe propertiesused.

4. Verify Model Accuracy: Thisisthe most critical stepin
the entire simulation process. Each of the areas modeled must
be closely examined to ensure that the results correlate with
observed conditions. If reasonablecorrel ationscannot bemade,
the model must be recalibrated (material properties adjusted)
and the process repeated. It should be noted that relating the
output of numerical models (stress, convergence, etc.) to
observed conditions (pillar sloughing and roof or floor
deterioration) is often difficult given the complexities of the
underground environment. The use of regression techniquesto
define actual conditions as a function of model output
parameters (using the deterioration index rating system) can
simplify that task.

5. Establish Threshold Limits: Once the accuracy of the
model is verified, threshold limits delineating acceptable and
unacceptable mining conditions must be established in order to
evaluate the effectiveness of proposed design alternatives.
Stress or convergence levels corresponding to deteriorating
ground conditions can be identified. Other factors such asthe
extent of pillar yielding or predicted pillar, roof, and floor
conditionsfrom amore comprehensive regression analysiscan
also be used.

6. Model New Configurations: Having established an
effective model and a means of evaluating the results of
analyses, new mining techniques can be smulated. Generally,
severa aternatives are modeled under the conditions expected
at the mine location where the design will be implemented.

7. Evaluate New Configurations: The various alternatives
can beevaluated rel ativeto thethreshold limitsestablished. For
instance, if specific stress and convergence values were found
to correspond to deteriorating ground conditions, an alternative



that produces levels lower than those values would be desired.
However, if none of the configurations evaluated meet the
threshold requirement for stable conditions, new alternatives
must be developed and analyzed.

8. Implement Best Alternative: Once the best alternativeis
identified (either meeting thethreshold criteriaor providing the
most favorable conditions), it can be cautiously implemented.
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The level of confidence in achieving a successful design is
directly proportiona to the breadth of the evaluation and the
degree of correlation noted in the model verification process.
In any event, conditions should be closely monitored as the
design is implemented; any deviations from the expected
behavior warrants recalibration of the model.

MINING GEOMETRY AND INITIAL STRESS

An essentia element in the simulation processis creating a
model grid that duplicates the in-mine geometry. The seam
must be broken into elements of a size that allows the entry,
crosscut, and pillar dimensions to be accurately reproduced.
Seam elements must be small enough to model details of the
mine geometry and produce discernable differences in
performance, yet large enough to allow broad areas of the mine
to be included in the simulation.

Generally, setting the element size at 1/2 the entry width
(figure 3) has provided acceptable results in most coal mining

applications. A 10-ft element width (for a 20-ft-wide entry/
crosscut configuration) enablesalarge area (1,800 by 2,700 ft)
to be modeled, yet provides the stress and convergence detail
needed to effectively evaluate conditions. Both larger (one-
entry width) and smaller (1/4-entry width) element sizes have
been used out of necessity in specific applications, but are
limited in application to scenarioswhere detail (large elements)
or influence area (small elements) are not critical.

A number of other geometric guidelineshavebeenidentified
that can aid in creating an effective boundary-element model:

— W— Element Width
— w— Entry Width
E[E[6[6]4][3]2]1 11[1[1]1]1]1 1[1]1]2]2]2]1 1]2]3
E[E[6]5]4]3]2]1 1]2[2]2[2]2]1 1]2]2[2]3]2]1 11213
E|E|6[6]4]3][2]1 1{2]3[3][3[2]1 1[2]3[2]2]2]1 1/2]3
ElE[6]5[4]3]2]1 1]213[4][3]2]1 1]2]2]2{1]1]1 1]2]3
E[E[6]5]4][3]2]1 1[2{3[3][3]2]1 1]211[1]1 1[2]3
E[E[6[5]4]3]2]1 1]212]2]2]2]1 1]1]1 1]2]8
E[E[6][5]4]3]2]1 1171 [1[1]1]1 1 1 1[2]3
ElEl6|5[4]3]2]1 1[1]1 1[2]3
E|[E|6]5]4]3]2]1 1]1]1]2]1 1/2]3
E[E[6]5[4][3]2]1 11]1]1]1]1]1 1]171]2]2]2]1 1]2]3
E[E[6]|6]4]3[2]1 1]2]2]2]2]2]1 1/2]2]2]3}{2]1 1/2]3
ElE[6]6]4][3]2]1 [1]2]8]3[3[2]1 1[2]{3]2]2]2]1 1]2]3
E{E[6]5[4][3]2]1 1[2]3[4[3]2]1 1]2{2[2]1]1]1 1/2]3
E|E{6]|5][4]|3]2]1 1]2}3[3]3]2]1 1[2[1]1]1 1]2]3
E|E|6]5]4[3]2]1 1]212]212]2]1 1[1]1 1]2]3
E|E[6]5]4|3[2]1 11]1{1]1]1]1 1 1 1/2]3
E[E]6]5[4][3]2]1 - 1]1]1 1]2][3
E[El6[5]4]3]2]1 1J1]1]2]1 1[2]3
E|El6[5]4][3]2]1 1[1]1]1]1]1]1 1[1]1]2]2]2]1 1/2]3
EJE|6[6]4]3]|2]1 1{2[2[2]2]2]1 1]2[2[2[342]1 1]2[3
HIE[6]5]4]|3]|2]1 1]2[3[3[3]2]1 1[2]3]2]2] 244 1[2]3
ElE[6]5]4[3]2]1 1]2]3]4]3]2]1 1[2]212[1]1]1] 1j2]3

Elastic Seam
Elements

Strain-Softening
Elements

Figure 3.—Model elements and strain-softening locations.
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» Totheextent possible, locate model boundariesover solid
coal or known stable areasto reducethelikelihood of erroneous
loading conditions (resulting from the exclusion of transferred
stress from adjacent yielded areas in the zone of interest).

* Orient themodel such that the primary areas of interest are
positioned away from the boundaries to minimize end effects.

» Known or potential yielding pillars should not contain
linear-elastic elements that could erroneously affect the stress
transfer to adjacent areas.

» Known or potential yielding pillars should contain an odd
number of elements across the minimum dimension to ensure
accurate pillar strength and peak core stress calculations.

» Care should be taken when entries or crosscuts are not
oriented at 90° angles (see figure 3) to ensure that the effective
widths and percent extraction match the actual mine geometry.

Initial stress conditions on the rock mass, in the absence of
known high horizontal stress fields, have generally been as
follows:

Szz (vertical) " 1.1 psi per foot of depth

Sxx (x-horizontal) * 50% of the vertical stress
Syy (y-horizontal) * 50% of the vertical stress

These values have resulted in effective simulations of in-mine
conditionsinthevast majority of casesmodel ed, even whenthe
influence of horizontal stress was suspected. High horizontal
stresswasrarely found to actually control mine conditions, and
high horizontal stressvauesare only used when clear evidence
of their existence and magnitude is available.

ROCK PROPERTIES

The rock mass properties needed for boundary-element
modelsare minimal becausethe assumption of alinearly elastic
material is inherent. The BESOL system requires only
estimates of the modulus of elasticity and Poisson'sratio of the
rock mass. Initialy, it may seem that treating a complex rock
structure in such a simplistic manner is not appropriate. How-
ever, considering that seam stresses are generated through
massive main roof loading (generally remaining in elastic
compression), it is not unreasonabl e to expect that an effective
representation of pillar loading (the crux of aboundary-element
model) would result.

The Roof Control Division uses a weighted-average
technique to calculate the rock mass modulus of elasticity. As
many borehole logs as possible located over areas to be
modeled are examined, and the percentages of the various rock
types (e.g., shae, sandstone, coa) in each core are identified
(tablel). Thesevaluesareaveraged, multiplied by themodulus
of elasticity of each rock type to calculate composite portions,

then summed to estimate the rock mass modulus of elasticity.
Idedlly, individual stratamoduli are established by site-specific
tests. If those data are not available, then published data for
local mine roof strata or typical rock properties must be used.
It should be noted that published data for particular rock types
vary widely, and some judgment is needed in selecting
appropriate values. The specific rock moduli listed in table 1
have been used successfully in anumber of instances when on-
site data were not available.

A similar weighted-average processisrecommended for the
calculation of Poisson'sratio. Again, the use of site-specific
datawould beideal, but estimates based on published data are
generally used. Poisson'sratiosranging from 0.20to0 0.25 have
been acceptable in the analyses made to date.

The properties used to define the rock mass can have a
significant effect on the accuracy of a simulation. Over-
estimating the rock modulus results in lower pillar stresses
within a panel or mined area (gob) and higher loads over the

Table 1.—Composite rock modulus calculation

Percent in borehole

Rock type Hole Hole Hole Hole Average mo dTJ(I)Lf: psi F():oor?opnosrl)ﬁ
No. 1 No. 2 No. 3 No. 4 ’ '

Dirt .......... 10.84 8.07 11.51 15.64 11.52 50,000 5,750
Coal ......... 1.52 1.60 1.34 0.96 1.36 473,000 6,409
Shale......... 51.15 26.86 21.79 48.22 37.01 900,000 333,090
Slate ......... 1.18 0.78 254 0 1.13 1,250,000 14,125
Sandstone . . . .. 22.28 28.63 23.70 26.31 25.23 2,200,000 555,060
Limestone . .. .. 0 0 0 0 0 3,200,000 0
Sandy shale ... 11.47 31.70 36.01 7.78 21.74 1,500,000 326,100
Fireclay ....... 1.57 2.35 3.11 1.08 2.03 900,000 18,270
O AL .o 1,258,804

E 1,260,000 psi
adjacent abutments due to the enhanced bridging action (less

deformation) of the rock strata. Conversely, underestimating



the rock modulus leads to higher panel pillar stress or gob
loading in mined areas and lower stresses on the adjacent
abutments.

As noted previously, the BESOL system contains a failure
index (safety factor) calculation to evaluate the rock strength/
stress ratios using either a Mohr-Coulomb or Hoek-Brown
failure criterion. Essentially, the state of stress of apoint in the
rock massis calculated in terms of 3-D principal stresses, and
the "available strength” of the rock (as influenced by
confinement) is compared to the existing stresslevel. To date,
only the Mohr-Coulomb technique has been used, which
requiresinput of cohesion, friction angle, and tensile strength of
the rock (roof or floor) material. Because the analysis of the
rock structure is completely elastic, exact properties (although
desirable) arenot required. Thefailureindex analysisistreated
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in a relative manner (higher failure indices indicate a more
stable condition), and the following parameters have provided
reasonable results:

Tensile strength - 1,000 psi
Cohesion - 800 psi
Friction angle - 25°

Thefailureindex has been successfully used to indicate high
stresslocations and the effect of mining changestorelievethose
stresses. Although they can be calculated anywhere in the rock
mass, failure index calculations made at the immediate roof or
floor lines have been most useful. Coupling them with stress
and convergence data providesamore complete picture of mine
stability that can be correlated to observed or expected
conditions.

COAL PROPERTIES

Establishing representative coal properties for a boundary-
element analysisisthe most critical step in model formulation.
The need for yielding seam capability is clear to accurately
simulatethe complex underground environment wherel ocalized
coal failure results in the redistribution and concentration of
stressin adjacent areas. The strain-softening approach [Crouch
and Fairhurst 1973] has been identified as a reasonable method
of describing coal seam behavior. Although that concept has
been widely discussed, little specific information is available
concerning the actual construction of a strain-softening model.

The Roof Control Division has established a technique to
make a first approximation of the stress and strain values
needed to describe the strain-softening characteristics of a
specific coal seam. As generalized in figure 4, peak and
residua (postpeak) stressand strainlevelsarerequired for seam
elements located at various distances from a mined area
BESOL alows up to six user-defined elements (each char-
acterized by three stress-strain values), and model elements
located farther away from a free face are treated as linearly
elagtic (figure 3).

Peak coa strength values are estimated at the center of each
of the six yielding seam elements by the following equation:

S(i) * S, ((0.78% 1.74 x/h), Q)
where S(i) " peak strength of element (i), psi,
S, " insitucod strength, ps,

X distancefrom element (i) center to freeface, ft,
and h " seam height, ft.

Equation 1 was based on the derivations of Mark and

lannacchione [1992] for estimating the stress gradient in the
yield zone of several empirica pillar design formulas and
represents an average of the Bieniawski and Obert-Duvall
methods. Thein situ coal strength is usually based on uniaxial
compression tests of samples acquired from the mine, although
published datahave al so been used when site-specific datawere
not available. Strength reduction factors of 1/5 for 2-in cubes
and 1/4 for 3-in cubes have been used to estimate in situ
strength from test data and have generally provided acceptable
results. Figure 5 presents a summary of peak strengths meas-
ured (with borehole pressure cells) at various depths into coal
pillars at three mines where pillar yielding was evident. Data
are shown as a ratio of the measured peak stress to that
estimated by equation 1; the majority fall within 10% of the
predicted stresslevel. Becausethe seamisconsideredto behave
eagtically until peak stress is reached, the total strain at that
level issimply

&(i) * S()/E, )

where (i) " strain at peak strength of element (i), inin,
S(i) " peak strength of element (i), psi,

ad E "

coal seam modulus of elasticity, psi.

Residual (postpeak) seam stress and strain values are ap-
proximated by the following relationship:

Si(i) ™ (0.1385 (I (x) % 0.413) ( S,(i) 3)
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Figure 4.—General strain-softening element characteristics.

Ex(1) " 2 (i) (4)
SR2(i) * (0.2254 (In (x)) ( Sy(i) (5)
E(1) " 4 (i) (6)

where S; () ® first residua stresslevel of element (i), psi,

e, (1) " strain of element (i) at first residual stress
level, infin,

So(1) " secondresidual stresslevel of element (i), psi,

e,(I) " strain of element (i) at second residua stress
level, in/in,

* distance from element (i) center to free face,
ft.

and X

These relationships were patterned after the load/deflection
response of coal samples under uniaxial testing, yield pillar
stress and entry convergence measurements made at one mine
site, and the assumption that at increasing depth into the pillar
core a higher residual strength would be maintained.
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Figure 5.—Measured versus calculated peak coal strength.

Figure 6 presents a summary of residual stress levels
measured at various depths at four mines where pillar yielding
was monitored. The data are illustrated as a percentage of
measured peak stress and compared to levels predicted by the
above equations. The R1 levels represent the initial drop in
stressoncethe peak hasbeen reached; the R2 valuesindicatethe
final magnitudeafter substantial convergence. Botharedifficult
to identify because deformation plays a significant role in the
unloading process; however, figure 6 represents abest estimate
of those stress levels for the pillars monitored.

Figure 7 illustrates a family of six curves representing a
strain-softening model with an element size of 10 ft, a seam
height of 2.8 ft, an el astic modulus of 500,000 psi, and aninsitu
cod strength of 967 psi. CurveNo. 1 representsthe behavior of
free-face or pillar perimeter elements; the remaining curves
represent the stress-strain relationship of elements located
successively deeper into the pillar core.

TheBESOL system al so requiresestimates of the seam shear
modulus (G) and similar shear stress-strain characteristics for
the six yieldable elements described above. These geotechnical
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Figure 6.—Measured versus calculated residual strength.
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data are rarely available, and estimates (using the previously
described procedure) based on a shear modulus equal to 1/2 to
1/3 of the elastic modulus and shear strengths of 1/2 to 1/3 of
the strain softening values have been used.

It must again be emphasi zed that, although the methodol ogy
described above has been successfully used to estimate coal
strain-softening properties, the properties generated are only a
first approximation that must be verified for accuracy.
Although in situ measurements have generaly validated
properties assigned to near-excavation locations, peak and
residual stresslevels deeper than 20 ft into a pillar or solid coal
(whereyielding rarely occurs) are largely unverified. Further,
the procedure has been applied only to alimited number of coal
seams, none of which experienced bump problems. The
application of thistechnique to bump coal is not recommended
because the strength increase due to confinement would likely
exceed that predicted by the peak stress equations.

Thesuitability of assigned coal propertiescan beassessed by
comparing the simulation output to observed pillar conditions.
Test models should include underground areas (varying depths
and pillar sizes) where definite observed pillar behavior can be
isolated. For instance, if a model with 8-ft-wide elements
predicts corner yielding, significant sloughing and crushing for

alength of 8 ft from the pillar corner should be obvious. A
similar condition would be expected al ong the sides of pillarsif
perimeter yielding were projected. In general, more observed
pillar deterioration than that projected by the model suggests
that the coal strength has been overestimated; less sloughing
than predicted indicatesthat it has been underestimated. There
are occasions, however, where the element size itself can
contribute to erroneous interpretations. A model using 10-ft
elements may indicate elevated stress at the pillar corners, but
noyielding. Underground observationsof 4-ft crushed zones at
the pillar corners may suggest that the model coal strength has
been overestimated. Remodeling the area using 4-ft elements
(with corresponding recal cul ation of element properties) may in
fact result in the prediction of corner yielding that would match
the in-mine conditions.

When constructing calibration model sto verify coa strength,
itisessentia that:

» The element size selected is appropriate to illustrate
phenomena (yielding) observed underground; and

« Element propertiesare recal culated when element sizesare
changed; smaller elements have lower strength values than
larger ones because of their proximity to the free face.

GOB PROPERTIES

When numerical models contain large mined areas, such as
longwall or pillar line gobs, somemechani sm must beempl oyed
to simulate caving and stressrelief associated with those areas.
Without it, the full weight of the overburden would be trans-
ferredto adjacent areasand result in asignificant overestimation
of abutment loads. The stress relief process is complex and
comprises caving, bulking, and subsequent compaction of the
gob material. Although a number of investigators, including
Pappas and Mark [1993], have evaluated the behavior of gob
material, little published data exist regarding the simulation of
caving in 3-D boundary-element numerical models.

The BESOL system provides a fill material that has been
used to absorb a portion of the gob loads and provides a
measureof stressrelief associated with caving. Thestress-strain
relationship for the fill materia is based on the work of
M. D. G. Salamon and is of the form [Crouch Research, Inc.
1988]:

F."a(e,/(b&e), (7)
where F, " normal stress on the fill element,
e, " normal strain of thefill element,

b = limitingvalueof normal strain (total compaction),

and a " stresstocompressfill 1/2 of b.
For afirst approximation, values for the necessary constants
have been estimated as:

a " 100 psi
b " 0.50in/in

Figure 8 illustrates the relatively soft stress-strain response
of backfill using these parameters. That material wastested in
a number of general scenarios; resultant abutment loads were
compared with those predicted by the inverse square decay
functionused by Mark [1990] inthe Analysisof Longwall Pillar
Stability (ALPS) methodology. As typified by figure 9, a
reasonabl e agreement in resultant abutment stress distributions
was found. The peak stress of the BESOL model exceeds that
of theinverse square decay function; the average stressover the
first 150 ft of the abutment (usualy the zone of concern) is
nearly identical. It appears that the use of a relatively soft
backfill compensates for the tendency of boundary-element
modelsto distribute abutment loads over awide areaand results
in a reasonable approximation of near-gob stresses. Fill ma-
terial of this type has been placed in gob areas during the
BESOL simulation of nine mines (starting 20-30 ft from solid
coal to alow an area of hanging roof) that have been suc-
cessfully evaluated.



101

Stress (psi)

3000

. Gob Backfill
Response

2800

a=100 psi ¢
b=0.56 in/in |

2400

2200 - ]

~—-— Strain at
Total

1400 - / '
1200 - S / Compa'ction

(b)

1000 - R | /

800 /

600 -

200 }

e b/2 |
' | | |

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Strain (in/in)

Figure 8. —BESOL strain-hardening backfill behavior.
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Aswith the other material propertiesdiscussed in this paper,
the suitability of gob backfill based on the above or any other
parameters must be verified. Obvioudly, the use of backfill that
is too stiff will result in excessive gob loading and reduced
abutment loads. Conversely, agob material that istoo soft will
generate excessive abutment loads and low-gob stress. The
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modulus of elasticity of the rock mass and other geometric
parameters (depth, panel width, etc.) can have a significant
impact on backfill loading and must be considered. Examining
backfill stress in gob areas can indicate the amount of relief
simulated by the model and can be compared to known or
anticipated cave heights associated with those areas.

SUMMARY OF PROPERTIES

In the process of simulating ground conditions at mines
throughout the United States (12 coal seamsin 5 States), ahost
of coal and rock properties have been generated. Table 2
summarizesthein situ coa strength, coal modulus of elasticity,

and rock moduli of elasticity used in 18 successful evaluations.
The mining depth of each simulationisalso shown inthetable.
The data are presented for reference purposes and illustrate the
variation in properties that can be expected at different sites.

Table 2.—Successfully applied coal and rock properties

State and Mining In situ Coal mo_dt_Jlus Rock mo_d_ulus
depth, coal strength, of elasticity, of elasticity,
coal seam : . .
ft psi psi psi
PA:
Lower Freeport . ...... 420 1462 550,000 21,000,000
Upper Freeport ... .... 700 405 200,000 590,000
Upper Freeport ... .... 360 775 200,000 740,000
Pittsburgh . .......... 950 2790 350,000 ?2,100,000
Pittsburgh . .......... 650 2900 500,000 23,280,000
Pittsburgh . .......... 575 2790 350,000 ?2,140,000
Lower Kittanning . .. ... 375 %679 300,000 1,850,000
WV:
Cedar Grove ......... 900 705 500,000 1,800,000
Dorothy . ............ 150 290 121,000 910,000
Eagle............... 950 712 490,000 880,000
Eagle............... 850 850 500,000 810,000
Lower Lewiston . ...... 260 583 200,000 22,400,000
Sewell .............. 470 1312 250,000 1,400,000
KY:
ElkhornNo.3 ........ 420 951 548,000 1,750,000
Hazard No. 4 ......... 900 967 500,000 1,260,000
Hazard No. 4 ......... 950 2967 500,000 1,260,000
IL:
linoisNo.5 ......... 700 %620 330,000 1,000,000
AL:
BlueCreek .......... 1,200 2750 580,000 21,440,000

'Based on site-specific tests.

2Estimated from published data provided by the mine or found in literature reviews.

DETERIORATION INDICES AND ANALYSIS

Asmentioned previously, the most critical phase of the sim-
ulation process is verifying the accuracy of a model through
correlation with actual underground conditions. To aid in that
exercise, a set of deterioration indices was established to
quantify pillar, roof, and floor behavior. Observed sites are
assigned a numerical rating on ascale of 0to 5 (0 is the best
condition; 5 isthe most severe) in each of the three categories.
The deterioration index levels are reasonably well defined to
minimize subjectivity of observations and promote consi stency
in ratings from site to site.

The pillar deterioration index (PDI) establishes observable
sloughing levelsthat can be directly related to numerical model
projections. A rating of 1 indicates corner crushing for a dis-
tance equal to one element width (usually 1/2-entry width) in
the boundary-element model. A rating of 2 indicates some
perimeter sloughing, but to a depth of less than one element
width. This corresponding model would indicate yielding of
some, but not all, of the perimeter seam elements. At the 2.5
level, doughing is severe enough to cause concern over the
stability of thearea. A PDI of 3.5 represents a situation where
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sloughing caused widening of the entry to a point that sup-
plemental support (cribs or posts) was required to narrow the
roadway. A corresponding model wouldindicateyielding of all
perimeter elements and elevated pillar core stresses. PDIs of
4 and 5 represent progressively more severe conditions. A
model response equivalent to a level 4 would indicate deeper
pillar yielding and core stresses approaching the maximum
capacity; alevel of 5indicatestotal pillar yielding and elevated
convergence.

Pillar deterioration index (PDI)

0 Virtually no sloughing
1.0  Corner sloughing
2.0 Light perimeter sloughing
25  Onset of pillar stability concerns
3.0  Significant perimeter sloughing
3.5  Supplementa support required
4.0  Severe perimeter sloughing
5.0 Completepillar failure

The roof deterioration index (RDI) defines arating scale to
guantify the condition of the roof strata in observed areas.
Unlike the PDI, however, roof deterioration cannot be directly
correlated to model output. The levels were established to
correspond to progressively more significant observable
phenomena ranging from roof flaking or sloughing (level 1) to
widespread and massive roof falls (level 5). The severity of
each feature can be identified within a one-point band. For
instance, areaswith only ahint of roof cutterswould berated at
1.6; those containing many severe cutters (a situation causing
roof stability concerns) would receive a 2.5 rating. A roof
deterioration index of 3.5 corresponds to conditions where
supplemental support was required to maintain stability.

Roof deterioration index (RDI)

0 Virtually no deterioration
1.0 Flaking or spalling
2.0 Cutter roof
25  Onset of roof stability concerns
3.0  Broken roof
3.5  Supplementa support required
4.0  Significant roof fals
50  Widespread and massive roof fals

The floor deterioration index (FDI) provides a measure of
mine floor stability relative to fracturing and the level of heave
experienced. Like the RDI, this index cannot be directly

correlated to the model output, and the established levels
represent progressively more serious floor conditions. An FDI
of 2.5 represents the occurrence of heave that causes concern
over floor stability; a level of 3.5 indicates a condition that
impedes passage and requires grading to maintain an active
travelway.

Floor deterioration index (FDI)

0 Virtually no deterioration
1.0  Sporadic cracks
20  Consistent localized cracks
25  Onset of floor stability concerns
3.0  Widespread cracks and obvious heave
35  Travel impeded; grading required
4.0  Significant floor displacement
5.0  Complete entry closure

The deterioration indices have been effectively used to
describe in-mine ground conditions and to correlate BESOL
output datato those observations. Whilesimulation output such
as stress and convergence can often be directly related to in-
mine conditions, many instances arise where the combined
influence of a number of factors affects ground behavior. To
better establish those relationships and provide an effective
means of evaluating potential design aternatives, a multiple
linear regression can be used to relate model output to observed
(deterioration index) conditions.

Table 3 presents a partial listing of BESOL output (stress,
convergence, and failure index (Fl) at the immediate roof line)
and deterioration indices for a number of areas modeled and
observed during an actual mineanalysis. Other BESOL output
(i.e., horizontal stress or displacement) could be included if
applicable to a particular situation, but the three parameters
listed are those routinely used. After model and observation
datafor al of the evaluated areas are compiled, multiple linear
regression analyses are performed to define each deterioration
index as afunction of model output. In the sample instancein
table 3, the various deterioration indices were related to
maximum stress, maximum convergence, and minimum failure
index at theroof line, and the resultant regression equationsand
correlation coefficients are listed.

Oncethemodel accuracy isverified by comparing predicted
toobserved pillar yielding, examining theregression correlation
coefficients, and using the regression equations to back-
calculatedeteriorationindicesfor the observed (model ed) areas,
design aternatives can be modeled and expected conditions
predicted. Table 4 contains projected deterioration indicesat a
critical pillar line location for various pillar sizes and depths of



cover aspredicted by BESOL output and theverified regression
equations. The difference in expected conditions with each
design dternative is clear.

The deterioration index/regression equation technique has
proved to be a viable method of verifying numerical model
accuracy and evaluating the potential of design aternatives
provided that relatively consistent mining conditions exist.
When changing roof, pillar, or floor strengths are encountered,
theusability of theregression technique may begreatly reduced.
Further, therel ationshipsestablished arebased on stratareaction
at aparticular mine, and only those observed (which arelimited
by current mine design and environment) can beincluded inthe
database. Thisis a particular concern when the use of yield
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pillars as an aternative configuration is considered, but no
complete pillar yielding is evident at the mine.

The Roof Control Division is currently exploring the use of
normalizing parameters in the regression analysis to alleviate
these difficulties. Factorssuch asinsitu coal strength and seam
height (for the PDI), a roof rock rating such as the Coal Mine
Roof Rating (CMRR) [Molinda and Mark 1993] for the RDI,
and a floor characterization number (for the FDI) are being
evaluated to determine their usefulness in the regression
anaysis to buffer the variations found within a given mine and
also between mines. If successful, the resultant technique could
enhance individual mine analyses and allow the experience of
many mines to be used.

Table 3.—Partial BESOL/deterioration index listing and regression equations

BESOL output Deterioration indices

Location and Maximum Maximum Minimum Observed Back-calculated
entry stress, psi  convergence, failure
ft index (FI) PDI RDI FDI PDI RDI FDI
Face area:
1 ... 4,000 0.113 1.04 15 15 0.0 15 1.2 0.2
2 6,800 0.195 1.09 2.0 1.8 0.3 25 2.4 1.2
3. 8,100 0.251 0.96 35 3.0 1.0 3.0 2.9 1.7
4 ... 8,800 0.289 0.89 4.0 4.2 25 3.3 3.3 2.0
5. 8,800 0.307 0.87 4.0 35 4.0 3.3 3.4 2.1
1 crosscut outby:
1 ... 3,100 0.083 111 1.2 15 0.0 11 0.9 0.0
2 5,400 0.161 1.16 15 15 0.0 2.0 1.9 0.8
3 7,000 0.207 111 2.0 2.0 0.5 2.6 25 1.3
4 ... 7,500 0.230 1.02 3.0 3.0 1.0 2.8 2.7 15
5. .. 7,500 0.223 0.94 3.0 3.0 3.0 2.7 2.6 14
3 crosscuts outby
1 ... 2,710 0.063 1.25 1.0 0.5 0.0 1.0 0.7 0.0
2 3,900 0.089 0.93 15 0.8 0.0 1.3 11 0.0
3 6,000 0.150 1.16 15 15 0.2 2.2 2.0 0.9
4 ... 7,000 0.182 1.13 2.0 2.0 1.0 25 24 1.2
5. . 7,300 0.204 121 3.0 25 2.0 2.7 2.6 14
3-Right
2 2,240 0.059 1.53 1.0 0.5 0.0 1.0 0.7 0.0
4 ... 2,560 0.070 141 14 1.0 0.0 11 0.8 0.0
5. . 2,820 0.072 1.45 15 14 0.1 1.2 0.9 0.0
1-Right;
2 1,530 0.040 2.13 1.0 0.2 0.0 1.0 0.6 0.0
4 ... 1,700 0.047 191 1.0 1.0 0.0 1.0 0.6 0.0
5 ... 1,780 0.047 2.00 1.0 1.0 0.0 1.0 0.7 0.0
PDI " 0.000268 ( STR % 3.259622 ( CONV % 0.379665 ( FI & 0.383740 r’ " 0.79
RDI * 0.000263 ( STR % 4.603502 ( CONV % 0.309200 ( Fl & 0.643870 r> = 0.80
FDI * 0.000170 ( STR % 6.094244 ( CONV % 0.600442 ( Fl & 1.82412 r> * 0.60
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Table 4.—Full pillaring BESOL output and predicted deterioration index

Pillar size (ft), Maximum Maximum
depth, and stress, psi convergence, PDI RDI FDI
location ft
50 by 50 (900-ft depth):
1o 18,300 '0.291 23.0 3.1 8.7
2 18,200 20.247 3.1 231 1.9
3 35,900 20.185 5.1 2.0 %0.8
4 %5,600 %0.161 3.2 2.0 %1.0
40 by 40 (900-ft depth)
1o 19,690 '0.385 3.8 4.0 2.7
2 19,690 '0.343 3.8 3.9 2.6
3 18,700 20.245 23.0 23.0 1.6
4 18,300 20.230 3.1 23.0 8.7
40 by 40 (800-ft depth)
1o 19,690 0.305 135 3.6 8.2
2 19,690 '0.269 3.6 135 8.2
3 26,800 20.198 2.4 2.3 %1.0
4 26,600 20.182 2.5 2.4 %1.3
40 by 40 (600-ft depth)
1o 27,300 20.204 2.6 25 8.2
2 27,150 %0.171 2.7 25 %1.4
3 %3,500 %0.095 5.2 %1.0 %0.0
4 %3,400 %0.087 51.3 %1.0 0.1
40 by 30 (400-ft depth)
1o 34,400 %0.116 %1.5 %1.3 %0.2
2 24,200 30.098 51.4 8.2 0.1
3 32,660 %0.063 1.0 %0.7 %0.0
4 32,320 50.060 51.1 %0.8 %0.0
'Severe conditions.
2Borderline conditions.
3Desirable mining conditions.
CASE STUDY

An investigation was conducted at a coal mine in eastern
Kentucky to determine the cause of aroof fall and deteriorating
ground conditions that were encountered on a full pillaring
section. Themineislocated in the Hazard No. 4 Seam and has
amining height of 32-40 in. Figure 10 presents an illustration
of the 1-Left Mainsin thevicinity of theroof fall. These mains
were developed as a five-entry system on 50- by 60-ft centers
with 20-ft-wide entriesand crosscuts. Panelsweredriventothe
right and retreated asthe mainswere advanced (13 panel stotal).
Following development of the mains (and panels) to the
property boundary, retreating of those pillarswasinitiated. As
figure 10 illustrates, aroof fall occurred one crosscut outby the
pillar line asthe 18th row of blockswas being extracted. Cover
at the face was about 800 ft, but ranged from 480 ft near the
mouth of the section (about 2,400 ft outby) to over 950 ft
several hundred feet inby and to the right of the fall. The
immediateroof stratawere composed of a 15-ft-thick laminated
shale and were overlain by a 20-ft-thick sandstone layer. Roof
support was provided by 4-ft-long fully grouted boltsinstalled
in a4- by 4-ft pattern throughout the mains.

Observations were made throughout the 1-Left Mains to
characterize ground conditions under various depths of cover
and degrees of gob influence. Significant deterioration (heavy
pillar sloughing, cutters, and broken roof zones) was noted in
the face area; conditions were most severe in the immediate
vicinity of the roof fall. Outby the face, conditions gradually
improved, although the right side of the mains consistently
showed heavier deterioration than the left side. The most
significant conditions noted in the outby area corresponded to
zones of heavier cover, suggesting that overburden depth and
the adjacent gob areas contributed to the deteriorating con-
ditions. Detailed deterioration index ratings were made
throughout the observed areas to quantify the roof, floor, and
pillar behavior. The datapresented intable 3 represent apartial
listing of these ratings in a number of entry locations (crosscut
conditions were also quantified and used in the analysis).
Higher PDI, RDI, and FDI levels correspond to more severe
deterioration, which were observed in the face area and along
theright side of the mains. Cover at the face was about 800 ft
and about 650 ft and 480 ft over the 3-Right and 1-Right outby
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areas, respectively, where conditions were much improved. A series of three BESOL models was subsequently created
Figure 11 presents a composite deterioration index drawing of ~ to simulate conditions in the areas observed during the
conditions observed at and just outby the face, illustrating the  underground investigation. The first model (covering the area
concentration of deteriorationinthevicinity of theroof falland  shown in figure 10) was used to simulate mining at the time of
along the right side of the section. the roof fall and also at inby and proposed outby face positions
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Roof
Fall

Gob

Pillar
Deterioration

Severe (3.5-4.5)
Significant (2.5-3.5)
Moderate (1.5-2.5)

Light (<1.5)

Roof/Floor
Deterioration

[
L]
]

Severe (2.75-4.0)
Moderate (1.5-2.75)

Light (<1.5)

Figure 11.—Case study: observations on pillaring section - roof fall area.



where cover was approximately 800 ft. Additiona models
were constructed of the outby areas (3-Right (650-ft cover) and
1-Right (480-ft cover)) to provide model verification under
significantly differing conditions. Vertical stressapplied tothe
modelsequaled 1.1 psi per foot of depth, and ahorizontal stress
of 1/2 the vertical stress was assumed in both the x and y
directions. The element size used in the simulations was 10 ft,
or 1/2 the 20-ft-entry width.

A composite rock modulus of 1,260,000 psi was based on
data obtained from four boreholes in the vicinity, as shownin
table 1. The individua rock moduli were estimated from
published datafor the specific strata contained in each borehol e.
A Poisson's ratio of 0.21 and the default Mohr-Coulomb
properties (cohesion * 800 psi, friction angle * 25°, and tensile
strength * 1,000 psi) were used because no site-specific data
were available.

Coal properties were based on an in situ strength of 967 psi
(site-specific coal strength datawere provided by the mine); the
peak and residual strength levels were calculated as outlined
previously in this paper. A seam height of 2.8 ft was used, and
acoa modulus of elasticity of 500,000 psi was assumed. The
stress-strain curves of figure 7 represent the strain-softening
model used in the analysis. Shear stress-strain properties were
based on a shear modulus of 200,000 psi (0.4E).

Gob caving was simulated using the Salamon backfill
discussed earlier with the constantsa ™ 100 psi and b * 0.50.
The comparison of abutment loading between BESOL and the
inverse square decay function of figure 9 was based on the rock
mechanics parameters used in this simulation.

Maximum pillar stress, maximum roof/floor convergence,
and minimum failure index values were determined from the
3 modelsfor 37 locations (entries and crosscuts) corresponding
to the observed areas. The stress and convergence data com-
piled indicate the highest levels found in or adjacent to the 37
locations; the failure index values represent the lowest levels
detected at the roof line in each area. A portion of these data
(entry locations) islisted intable 3. A series of multiple linear
regression analyses was madeto relate the deterioration indices
observed to the BESOL data and resulted in the equations also
listed in table 3. The R-squared values for the PDI (0.79) and
the RDI (0.80) were very good, but marginal for the FDI (0.60).
It should be noted that the characterization of floor conditions
was not aprimary concern during the investigation, but sketchy
data acquired were used to illustrate the process. The BESOL
output wasthen inputted into the regression equationsto predict
(back-cal culate) deteriorationindicesfor theobservedlocations;
these values describing entry conditions are also listed in ta
ble 3. Most of the predicted PDI and RDI levels match the
observed data fairly well, and the trend of higher deterioration
indices in areas of more severe conditions was evident, even
with the FDI.

Figure 12 presents acomposite of maximum pillar stressand
convergence levels predicted by the BESOL model of the roof
fall site. Notethecorrelation of BESOL stressand convergence
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with the degree of deterioration observed underground. The
zone of high convergence (>0.25 ft) and stress (>9,500 psi)
encompasses the area of deteriorating conditions at the pillar
ling, including the roof fall. Lower stress and convergence
levels also correspond to zones of lesser deterioration, and the
more severe conditions predicted on the right side of the mains
(indicating the influence of the adjacent gob) also match the
conditions observed underground. These correlations, coupled
with the good fit of the regression analysis (deterioration
indices), confirmed the accuracy of the model (and properties
used) to simulate conditions at the mine. Confidence was
further enhanced by an evaluation of the BESOL model with a
face position several crosscuts inby the roof fall. The results
showed significantly lower stressand convergencelevelsinthe
face areathat correlated to the better mining conditions actually
encountered.

It was concluded that the roof fall (and deteriorating con-
ditions) resulted from a combination of stressesfrom the active
and adjacent gobs overriding the pillar line (yielding) and
focusing outby the face. The small pillar size employed (30 by
40 ft) on the mains, the lack of protection provided by the
combination of chain and barrier pillars from the adjacent gob,
and the depth of cover (>800 ft) contributed to the problems
encountered.

A series of additional models was created to evaluate the
performance of various pillar sizes at different mining depths
that would be encountered. Figure 13 illustrates the pillaring
plan to beimplemented using a 200-ft barrier between adjacent
panelsthat would be roomed and retreated along with the panel
being extracted. Stresses and convergences were examined at
four entry locations near the face (during retreat of the second
panel), asillustrated in figure 14. Threshold levels delineating
expected conditions (from the 1-L eft models) were established
asfollows:

Severe conditions:

Stress > 8,000 psi; convergence > 0.25 ft
PDI $ 3.5; RDI $ 3.5; FDI $3.5

Borderline conditions:

Stress * 6,500 to 8,000 psi; convergence * 0.18 to 0.25 ft
PDI * 25t03.4;RDI " 25t03.4; FDI " 25t03.4

Desirable mining conditions:

Stress < 6,500 psi; convergence < 0.18 ft
PDI <25; RDI <25; FDI < 2.5

It waspredetermined that good (desirable) mining conditions
should exist at |ocations 3 and 4 since no supplemental supports
(posts) would beinstalled in those areas. Borderline conditions
could betolerated at locations 1 and 2 (postsare set in thisared),
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Pillar Stress Convergence
I > 9500 psi (yielded) > 0.25 ft

6500 psi - 9500 psi [ ] 0.20 ft - 0.25 ft
3500 psi - 6500 psi [ ] 0.10 ft - 0.20 ft
[ ] <3500 psi [ ] <o0.10 ft

Figure 12.—Case study: BESOL output pillaring section - roof fall area.
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Figure 14.—Case study: full pillaring analysis locations.

but the occurrence of severe conditions should be avoided or at
least limited to location 1.

Table 4 presents the BESOL and predicted deterioration
index data for each of the four locations for a number of
scenarios. The analysis indicated that the use of 40- by 30-ft

pillars would result in good conditions through a depth of
400 ft and that 40- by 40-ft pillars would be effective up to 600
ft of cover. Pillars 50- by 50-ft in size would be needed for
deeper cover areas, although severe conditionscould bepossible
at locations 1 and 2 as the depth approaches 900 ft.

CONCLUSION

Boundary-element modeling has proven to be an effective
tool for mining engineers to resolve complex ground control
problems. Thetechniquesset forthinthispaper describing coal,
rock, and gob behavior have been effectively used to evaluate
avariety of mining scenarios. Although they are supported by
a number of in situ measurements and have resulted in near
duplication of underground conditions in many instances, they
provide only afirst estimate of parameters that must be vali-
dated. Successful humerical simulation requires a substantial

effort, including the observation of conditions in many areas
and theoftenrepetitive processof calibrating model parameters.
Theuseof techniques such asthedeteriorationindex/regression
method has greatly facilitated the linking observed and
simulated mine conditions. It cannot be overemphasized, how-
ever, that in order to be of any value, anumerical model must be
validated and provide a redlistic representation of the under-
ground environment for which it is applied.
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THE FRACTURE MECHANICS APPROACH TO UNDERSTANDING
SUPPORTS IN UNDERGROUND COAL MINES

By James M. Kramer, Ph.D.,' George J. Karabin, P.E.,2and M. Terry Hoch?

ABSTRACT

This paper introducesthe fracture mechani cs approach—auniqueway to predict the stability of acoal mine
panel. The technique uses analytic equations to calculate the stress, strain, and yield characteristics of coal
support systems. It uses fracture mechanics to model almost every type of mine support structure. Another
feature is a method that incorporates field-tested knowledge into the analytical analysis. For example, this
technique can model the yield characteristics of acoal seam by combining empirical pillar strength equations
into the analytic analysis. It may be possible to simulate multiple-seam mining by incorporating subsidence
methods into the analysis. The method is simple and quick, which makes it attractive for stress anaysis
software. It should be more accessible to those in the mining industry who do not have expertise in rock
mechanicsor numerical modeling. Although the purpose of thisresearchisfor modeling coal mines, it should
be adaptable to any mine in atabular deposit.

Mini ng engineer.

2Supervisory civil engineer.

*Chief.

Roof Control Division, Pittsburgh Safety and Health Technology Center, Mine Safety and Health Administration, Pittsburgh, PA.
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INTRODUCTION

This paper presents a new way to analyze the mechanical
behavior of underground coa mine supports. Included are
analytic expressions describing the stress, strain, and yielding
characteristics of acoal seam. The fracturemechanicsapproach
(FMA) provides the capability to model amost every type of
mine structure, including pillars, yield pillars, longwal gob,
chocks, cribs, posts, and hydrostaticloads. Inaddition, it predicts
pillar stability by combining empiricd pillar strength equations
into the analytic analysis. This makes the procedure useful for
understanding how various support structures affect the
mechanica performance of amine panel.

Although the method is not as sophisticated as numerical
analysis, it offers several advantages. The analytic equation

makes it is as accurate as numerical modeling, but quicker and
easier touse. Because of thefew egquationsinvolved, itiseasy
to incorporate the process into a computer spreadsheet or
programmablecalculator. Real-timedesignanalysisispossible
by incorporating the technique into computer code. For ex-
ample, one can change adesign structure (e.g., add acrib) and
seeinstantly the resultant stress effect. The coal yielding proc-
essuses empirical pillar strength equations derived from years
of field measurements. Combining these equations into the
analytic analysis provides insight into pillar stability. The
system presented in this paper offersaunique perspectivefrom
which to study mine panel stability.

DESIGNING SUPPORT STRUCTURES FOR COAL MINES

There are severa ways to analyze the stability of amine
layout. The easiest and, in some cases, most reliable isto use
pillar strength equations. These equations are devel oped from
extensive knowledge of coal seam behavior [Mark and lannac-
chione1992]. Most arebased on physical stressmeasurements,
however, some come from numerical studies or analytic
equations. All of these methods use the pillar width-to-height
ratio asthe controlling factor. These strength equations can be
accurate; however, they assumethat the coal pillar isthesingle
means of support. Itisnot possibleto study the effectsof cribs,
posts, longwall gob, chocks, etc. Also, these equations do not
predict the stress distribution through the panel, nor do they
predict the extent of the yield zonein the coal.

There are other, more accurate, ways to analyze stability.
Numerical modeling, if used properly, can be very accurate. It

can predict the stress distribution throughout the entire mine
environment, including the coal seam, surrounding strata, slips,
faults, and all types of supports. However, thismethod istime-
consuming and requiresacertain amount of technical skill. For
example, using finite elements, it would take askilled engineer
aday or moreto analyzetheyield zonein acoal pillar based on
data derived from field measurements.

This paper discussesasimple, quick, and accurate solution
for predicting the stress distribution in coal pillars and other
structures. It usesacombination of fracture mechanicsand em-
pirically derived techniques to predict the extent of the yield
zonein acoal pillar. 1t can model nearly every structure used
for mine support. Numerica modeling will validate the ac-
curacy of the technique.

THE FRACTURE MECHANICS APPROACH

Understanding the FMA requires visualizing a coal seam
asan extremely thin layer in the stratum of the Earth. A tunnel
or opening in the coal would appear as a thin crack in an
infinite mass.* 1t should then make sense that it is possible to
usethemechanicsof cracksto analyzethe stressessurrounding
openingsin coa seams.

Visualizing a mine opening as a crack is not new; others
applied it to their research [Barenblatt 1962; Hacket 1959;
Crouch and Fairhurst 1973; Berry 1960, 1963]. However, this
paper describes away to usethe fracture mechanicsdirectly to
predict pillar stress. Combined with a superpositioning

*In this paper, the term “crack” infers a mine opening and vice versa.
Therefore, crack-tip stressis the same asrib or pillar stress.

technique, it ispossibleto obtain the complete stressdistribution
throughout the mine panel. A yielding technique completesthe
analysis by offering realistic characteristics to the coal pillars.
Westergaard's equation is fundamental to fracture me-
chanics theory and is also the basic equation for the FMA
[Westergaard 1939]. The stress distribution at the crack tip is
identical to the distribution adjacent to a mine opening.
Westergaard describes the stress at the tip of acrack as

- Fx
W x2&a? ' @)




where F(x) " stressdistribution adjacent to acrack tip,
a " 1/2 the crack width,
F " indgitu stress,

and X " distance from the center of the crack.

This equation implies that the only parameters needed to
predict elastic rib stress are the entry width and thein situ stress
(figure 1). Westergaard derived equation 1 by assuming that
the stress field acting on the crack is located at an infinite
distancefromthe crack surface. Another assumptionisthat the
crack width must align with the planes of this stress field. In
general, these conditions are similar to a mine environment.
The Westergaard equation will accurately predict the stress
distribution into the coal seam provided that the analysis
remains within the elastic range.

NUMERICAL METHODS VALIDATE THE
WESTERGAARD EQUATION FOR MINE ANALYSIS

Westergaard developed his stress function by making the
following assumptions: the crack has athickness of zero; it is
contained in an infinite, homogeneous plate; and the plate is
subjected to a uniform biaxia stress field. These conditions
match fairly the conditions encountered in acoa mineopening.
There are differences, however. A mine opening has an actual
thickness. The structural properties of the coal differ from
those of the surrounding rock mass. Also, a cod mine's
environment isunder theinfluence of agraduated, nonuniform,
biaxial stressfield controlled by gravity. Itisnecessary to con-
sider al of thesefactorstovalidatethe FMA. Previousresearch
demonstrates the accuracy of the FMA by comparing it to
numerical modeling output [Kramer 1996]. Itisshownthat the
technique matches the numerical modeling predictions with a
high degree of accuracy.

Figures 2 through 7 are plots that compare the stress
prediction of the FMA with that of numerical modeling. The
purpose is to show how well the FMA can predict stress even
in conditions less ideal than those used by Westergaard to
derive equation 1. Such conditions are similar to those en-
countered in an underground coal mine. All of the evaluations
use FLAC?® as the numerical modeling software. Spreadsheet
graphsare used to comparethe FM A stress prediction with that
determined by FLAC. Each demonstrates that the FMA com-
pares reasonably well with the FLAC model for varying con-
ditions of nonhomogeneity. Initialy, the model is homo-
geneous and smple. The FMA matches extremely well with
the numerical model [Kramer 1996]. Then, in order to
introduce nonhomogeneity into the numerical model, each

5 Fast Langrangian Analysis of Continuum, Itasca Corp., Minneapoalis,
MN.
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Figure 1.—Crack of width 2a subjected to a uniform biaxial
stress field.

individual structural property is altered independently and the
results are compared with the FMA. Finally, an evaluation is
made between the FMA and a nonhomogeneous numerical
model consisting of strata with properties even more variant
than an actual mine environment.

Figure 2 chartsthe comparative stress predictions between
the FMA and FLAC for a simple, elastic, and homogeneous
model. Notethat the stress distributions are nearly exact. The
only real differenceis at the edge of the mine opening. This
difference is due to the approximation technique used in nu-
merical analysis. The model in figure 3 has the same homo-
geneous properties as those for figure 2; it plots the stress
distribution through various planes in the coal seam. Thisil-
lustrates that the distribution, at any plane, remains consistent
with the distribution through the center plane of the seam.
Figures4 and 5 demonstratethat the coal'smodul us of dasticity
or Poisson's ratio has little effect on the stress distribution
through the center plane of the coal seam. The next step isto
compare the accuracy of the FMA for predicting the stress of a
nonhomogeneous numerical model. Figures6 and 7 relate the
results of the simulation.

Figure 6 showsthe compari son between FLAC andtheFMA
for the stress distribution produced in a graduated, nonuniform,
biaxial stressfield similar to that encountered in an underground
mine. For these studies, the horizontal stress is 0.3 times the
vertical stress. The design of the model places the coal seam at
adepth of 381 m. The structural parameters of the coal and rock
areequivdent. Thisstudy also compares the Westergaard equa-
tion to the stress at various planesin the seam (figure 6).

It can be seen that the nonuniform stress field in the nu-
merical model causesadeviationinstressfromtheWestergaard
prediction; however, most of the difference is near the edge of
the mine opening. In this portion of the mine rib, the cod is
yielding. Analytical methods do not exist for predicting the
stressdistributioninthisregion. Introduced later inthispaperis
a method that uses field measurements to describe the stress
distribution in the yield zone of acod rib.
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Comparing the Westergaard Equation to FLAC

(In situ stress = 6.9MPa, Entry width =15.2m)
50.0
45.0
40.0 -
35.0 4
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15.0
10.0 |
5.0 1
0.0

Stress (MPa)
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Figure 2.—Stress distribution in acoal seam nextto amine opening: comparison between numerical
analysis and the Westergaard equation. Homogeneous model.

Stress Distribution in Various Planes in the Coal Seam

25.0
?
20.0
& 15.0 { . Westergaard?
= %! —a— Center
? - Next
8 100 | T
E <. Top
5.0
0.0 : :
0.00 5.00 10.00 15.00 20.00

Distance into Seam (m)

Figure 3.—Stress distribution at various levels in the coal seam. Properties similar to the model
in figure 2.



Different Moduli of Elasticity in a Biaxial Stress Field
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Figure 4.—Stress profile for coal with different moduli. Four separate FLAC models.
Poisson's Ratio Comparison in a Biaxial Stress Field
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Figure 5.—How the Poisson ratio affects the stress distribution. Three separate FLAC models.
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Stress at Various Planes in the Coal Seam
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Figure 6.—The effect of a graduated, nonuniform biaxial stress distribution similar to conditions
underground. Stress profile at various levels in the seam.

Conditions Similar to a Real Mining Environment
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Figure 7.—Comparison of a model simulation of a real mine environment.



The numerical model described below will validate the
FMA's ability to analyze structural variations found in a real
mine environment. In this model, the strata are nhonhomo-
genous. In addition, the surrounding stressfield isvariablein
both the vertical and horizontal planes. Such a model has
structural variationsgreater than those encounteredin most coal
mines. The surrounding rock mass has a Y oung's modulus of
27,580 MPa and a Poisson's ratio of 0.2. The unit weight of
this mass is 0.03 MN/m®. The coal seam has a Young's
modulus of 3,448 MPa, a Poisson's ratio of 0.3, and a unit
weight of 0.03 MN/m®. The unit weights are high to enhance
the stress comparisons by increasing the effect of gravity
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loading. To show the effect of mining in an area subjected to
a high stress field, the model is initialized with a premining
stress prior to adding the mine opening. Adding a mine
opening to a model with a high biaxia stress field already
in place would alter the stress in the areas adjacent to the mine
opening. Figure 7 compares the Westergaard equation to
FLAC's analysis for different levels in the coal seam. The
distributionsvary considerably; however, most of thisdeviation
is near the mine opening. In this area, the coal will yield.
A technique will be presented in this paper that describes the
stress distribution in the yield zone of the coal.

THE POINT-FORCE METHOD USED TO SIMULATE MINE SUPPORTS

An essential concept of the FMA isthe process by which
a point force, acting on the surface of the crack, affects the
stress intensity at the crack tip. In mining, this point force
could be amine post or hydraulic jack. A continuous series of
point forces can model ayield pillar, longwall gob, the yield
zoneof thepillar, or any other type of mining supports[Kramer
1996]. Figure 8 depicts a crack with an internal point force,
P, pushing out against the crack surface. ThisforcePisat a
distance x from the crack center. This force affects the stress
intensity factor K at points A and B. The point forceissimilar
to the loading from a single-point mine support, such as a post
or hydraulic jack.®

Green functions are used to predict the stress intensity
factors [Parisand Sih 1965]. The factors are:

K, " P a%x @
J/Ba \ a&x
e % By ®
where K, ® dtressintensity at point A,
Kg " stressintensity at point B,
P * pointforce,
a " 1/2theopening width,
and x " distance from opening center

®The stress intensity factor is of utmost importance in the study of
fracture mechanics. It isameasure for the stress singularity at the crack tip.
For the case of uniaxial compression with force P at infinity, K must be pro-
portional to P. K, and K must also be proportional to the square root of a
length. For an infinite object, the only characteristic length is the crack size;
thus, K must take the form: K * F/(Ba).

YIELD PILLARS

Yield pillars are common in longwall mining; they control
floor heave and/or fine tune roof behavior. As the name
implies, the pillars yield, thus redistributing the load around a
control areainthemine. Itispossibleto model yield pillarsas
a continuous series of point forces. Equations derived from
in situ pillar strength measurements can determine the
intensities of the point forces. However, for the present
discussion, the point forces are considered uniform and equal
to the yield strength of the coal (figure 9).

Toillustrate the method, it is necessary to discuss only the
stress effect at a single crack tip (e.g., point A in figure 9).
Either equation 2 or equation 3 can describe the stressintensity
at point A. The correct equation to use depends on the location
of the point forces with respect to the aorigin. In the
discussion below, the location of the point forces (figure 9) is
chosen to provide the most compl ete exampl e of the technique.
Becausethelocationsof the point forcesare equally distributed
on both sides of the origin, solution to the stress effect at
point A requires using a combination of equations2 and 3. In

P
«— X —
B — A
P
. 2a

Figure 8.—Crack with wedge forces at x.
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absence of the yield pillar, the stress intensity at point A is
[Dugdale 1960]:

Kinsitu ) I:insitu Ba. (4)

Theyield pillar will act to reduce thisintensity. The a-origin
islocated in the center of the point forces; thus, the distribution
in the &x side is equal to the distribution in the %x side
(figure 9). The stressintensity factor at point A caused by the
continuous point forces on the %x side of the origin is
K *"K.*= i ‘ a%x

e A /Ba M\ a&x

0

©)

The stressintensity factor at point A caused by the continuous
point forces on the &x side of the originis

F d
Koo ™ Kot =2 | 35X g, ©)
/Ba M\ a%x
The stress intensity factor for the yield pillar becomes
Kyieid ) K%x % K&x' (7)

With the yield pillar in place, the stress intensity factor at
point A becomes

The Westergaard equation relates rib stress to the in situ
stress and the width of the opening. Because K, includes not
only thein situ stress but a so the effect of theyield pillar, itis
necessary to modify the Westergaard equation to reflect this
effect. It is necessary to modify the Westergaard equation by
substituting adummy variable in place of area variable. The
opening half-width variable "a" is the proper choice for the
substitution.” Solving for "a" inK,,,, and substituting it into the
Westergaard equation as a dummy variable will provide the
proper stress distribution at point A. The following demon-
strates the concept.

The stress intensity factor is defined as

K " Fy/Ba. 9)

To modify the Westergaard equation, it is necessary to sub-
stitute values and solve for the unreal "a*, making it adummy
variable such that

K 2

- total

BF2

insitu

%ummy (10)

The reduced Westergaard stress distribution at point A then
becomes

FinsituX

- .
V x?& adummy

™ odifying F would result in the stress distribution leveling to avalue

Fnodified (%)~ (12)

Kiota ™ Kingtu & Kyiga- (8 below thein situ stress.
y
A
<«— X +x —>
“ A ‘A TA ST
‘ | _
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0 |
o e
« »« »i
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Figure 9.—Yielded pillar modeled as a continuous set of point forces.



LONGWALL GOB

The technique used to model longwall gob is similar to
that for theyield pillar. An assumption can be made that the
center of the gob isin contact with the roof and floor and the
material is compacted completely. Due to symmetry, it is
necessary to model only one-half the gob width to determine
its effect on the stress intensity at the tip of the opening.
Therefore, the opening extends from the gob center to edge of
the gate pillar at point A (figure 10). Theresidual strength of
this material is a function of the amount of compaction.
Because the center of the gob has the greatest compaction, it
has the greatest residual strength; the outside edge of the gob
has the least. To simulate gob material, the point forces are
high in the center of the gob and low at the edge. Originally,
the following example was formulated using U.S. customary
unitsof measurement. Conversion to the metric system makes
some values appear awkward.

As usua, the aorigin and x-origin begin a a point
equidistant from point A and the gob center. The point forcesto
the right of the origin (i.e., %x side) would use equation 5 to
analyze the effect a point A; the point forces to the &x side of
the origin will use equation 6. "Derive—A Mathematical
Assistant"® is used to solve for the integral in each equation.
Included in table 1 are the input variables and resultant stress
intensity factors for the gob depicted in figure 10. The gob
materia inthemode isdivided into six sections, each reflecting
adifferent yield strength (YS, to YS;,)). Thefirst three sections
arein the &x side (K side) of the origin; the other three arein
the %x side (K, side). The location of the section determines
which point-force equation to use. Thetotal effect of thegobis
the summation of the K-valuesfor al six sections:

Koo ™ Ky % Ky % Ky % K, % Ky % K. (12)

Thisvalueissubtracted fromtheK, 4, vaue (the stressintensity
for thelarge opening without the gob material in place) to obtain
the proper stressintensity factor at point A. Therelationis

Ktotal ) Kins’tu & Kgob' (13)
EXAMPLE

Below is an example that demonstrates the technique. It
analyzes the effect from two sections of the complete model
shown in figure 10. These particular sections (sections 3 and
4) were chosen to illustrate forces on either side of the axis
origin. The point forcesin section 3 align in the &x direction;
thosein section 4 are in the %x direction. The stressintensity
factor will be determined using a combination of equations 5
and 6. Table1 liststhe results from the complete analysis.

8Derive—A Mathematical Assistant,” Soft Warehouse, Inc., 3660
Waialae Ave., Honolulu, HI.
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Input Parameters:

Width of longwall face * 232 m

1/2 width of longwall face = 116 m

2a (width of longwall face plus gate entry) * 122 m
a"61m

Fisw - 13.8 MPa

Section 3:

Theyield strength for section 3isF, * 12.4 MPa. It occupies
the &x portion of the a-axis for the 0- to (&)18.3-m segment.
The effect on the stress intensity at point A dueto section 3 of
thegobis

F 18.3
K. = _Js a&x dx
m a% x
* yBa ) \ax
. 124 % | 618 x &
J/B6T ™\ 61%x
141

NOTE: Although thepoint forcesareinthe-x region, thelimits
of theintegral are from 0 to (%)18.3 m.

Section 4:

Theyield strength for section4isF,, * 10.3MPa. Thissection
occupies the %x portion of the a-axis for the 0- to (%)18.3-m
segment. The effect on the stress intensity at point A due to
section 4 of thegob is

E 18.3 0
K4' ys " a% x dx
VyBa T a& x

183
« 103 61% X dx
/B61 61& X
" 159

"Derive—A Mathematical Assistant” solved both of these
integrals. Thesolutionsyield arather cumbersome equationthat
is impractical to include in this paper; however, it can be in-
corporated into spreadsheet software or computer code. Table1
includes the K factors for all six sections of the longwall gob.
The effect on the stress intensity factor at point A caused by al
six sectionsis

Ko ™ Ky % Ky % Ky % K, % K % Ko
Koo ™ 13.8% 10.7 % 14.1% 15.9% 18.0% 25.8
Kgop ™ 98.3
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Table 1.—Input variables and stress intensity factors for each section of the longwall panel
depicted in figure 10

Section 1 Section 2 Section 3 Section 4 Section 5 Section 6
e | 13.8 13.1 124 10.3 8.3 6.9
X-range, m............. 61.0-36.6 36.6-18.3 18.3-0 0-18.3 18.3-36.6  36.6-55.0
Stress intensity at point A
(%xside) ............. — - 15.9 18.0 25.8
Stress intensity at point A
(&xside) ............. 13.8 10.7 14.1 - — -
Kaop « v vvvee 98.3 - - — -
Input parameters:
Width of longwall face * 232 m
1/2 width of longwall face * 116 m
2a (width of longwall face plus gate entry) * 122 m
a“6lm
Fisiu - 13.8 MPa
A
) < X +X >
4 + A YSQ
i
] YS, Y
B a2
‘ AAA
| ) O i
1«7—'—1/2 Gob W|d1h N ‘
- 200ft, —»<— 180ft. »< 20ft. »
Not to :
~ Scale >
<« 20 >

Figure 10.—Longwall gob simulated as point forces of different strengths.

Equation 4 determines the stress in absence of the gob (point
forces) as

|ns1tu |nstu\/_a
Kingu ™ 13.8/B61

K. . "191.0

insitu

It isnecessary to reducethisintensity to reflect the addition of
the gob material. The stress intensity factor at point A now
becomes

Ktotal ) Kinsitu & Kgob
Kia = 92.7

The dummy variable used to relate this stress reduction to the
Westergaard equation is

2
- Ktotal

BF2

insitu

adummy

(92.7)?

Phammy B(13.8)2

Bummy "14.4m

The modified Westergaard distribution at point A becomes

F . X
Fnodified(X) ™ Zm;tuz
V X“& Bgummy
. 13.8x
Fnodified(X)

Vx2&14.42



Thisisthegeneral technique used to model longwall gob. Luo
significantly improved the above technique and developed a
computer program to model the stability of longwall chain
pillars [Kramer et al. 1998].

HYDROSTATIC FORCES
Itispossibleto measuretheeffect of hydrostatic forceson
the coal seam. A hydrostatic force actswith equal strengthin

all three cardinal directions. It is similar to the pressure ex-
erted from water or gas. To simulate a hydrostatic force, it is

AN
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necessary to fill the entire mine opening with a continuous
distribution of point forces (figure 11). In order to test the
hydrostatic effect, the point forces are set equa to the in situ
stress (13.8 MPad). This situation should have the effect of
flattening the stressdistribution at point A to alevel equal to the
in situ stress.

Figure 12 isaplot of the stress distribution. It can be seen
the distribution is almost uniform and equivalent to the in situ
stress. This further demonstrates that the point-force method
accurately describes the effective stress distribution at the mine
rib.

KA
B |

Y
Qs <« X +X—>»
\\\;\ \ A A + *
1T i .
5 : : |
O l
‘4 2a >

Figure 11.—Crack opening completely filled with point forces equal to the in situ stress.

Crack Opening Filled with Point Loads
Equal to the In situ Stress
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Figure 12.—Stress distribution at point A is nearly flat and equal to the in situ stress.
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TECHNIQUE TO COMBINE DIFFERENT
MINE SUPPORTS

It is possible to combine any type of mine supports and
predict the resultant stress distribution in the coa seam.
Figure 13 presentsatypical mining environment combining the
following structures. alongwall gob, ayield pillar, and acrib.
Analyzing thisarrangement requiresacombination of the stress
intensity factors for each support member. This combined
valueisused to reducethetotal stressintensity at point A. The
procedure for doing thisis asfollows:

Calculate K, for point A
Calculate K, for point A
Calculate K44 for point A
Calculate K, for point A

» Combine the stress intensity factors for each support,
and usethisvalueto reduce the stressintensity associated with
the entire opening width:

Ktotal ) Kinsitu &K & Kyie!d & Kcrib

gob

EVALUATING PILLAR YIELD

Because coa mines are often located at a great depth
below the surface, the stress levels often exceed the yield
strength of the coal. It isnecessary to account for yieldingin
thecoal pillarsto correctly assessstructural stability. Fracture
mechanicsis useful in predicting the yielding characteristics
of the codl.

The Westergaard equation introduces asingularity at the
pillar edge. Thisiswhere the stress distribution approaches
infinity. The pillar edge yields and redistributes the loading
in order to eliminate the singularity. The yielded zone
continuesto offer residual support to the roof and floor.

Dugdale provides a way to estimate the length of this
yield zone in the pillar [Dugdale 1960; Broek 1982]. The
following sectionsdescribe how to determinethe extent of the
yield zone. Also described is a way to predict the stress
distribution in the elastic core of the pillar. First, the basic
technique used by Dugdae to arrive at his yield zone
prediction isreviewed. Later, atechnique isintroduced that
determines the extent of the yield zone specifically in coal.

THE EFFECT OF POINT LOADING ON THE
STRESS INTENSITY AT THE CRACK TIPS

Asmentioned previoudy, figure8 depictsacrack with an
internal wedge force P pushing out against the crack surface.
Thisforce P is at a distance x from the crack center. These
wedge forces affect the stress intensity function, K, at points
A and B. Itis possible to use equations 2 and 3 to predict
these stressintensity factors, K [Parisand Sih 1965]. A form
of these equations is fundamental in the development of
residua forces supporting the roof and floor in the yielded
portion of the pillar.

DUGDALE'S APPROACH TO CRACK TIP
YIELDING

Although the pillar edgeyields, it hasaresidua strength
that supportstheroof and floor of the coal seam. Imaginethis
residual support as a continuous distribution of dislocated

point forces (figure 14). Dugdale determined the extent of the
yielded zone by first assuming that the residual strength of each
point forceisequal to theyield strength, F, of amaterial (inthis
case, coal) [Dugdale 1960; Broek 1982]. Because the yielded
edge is significantly weaker, it would seem as though the mine
opening becomes wider. The mine opening would theoretically
extend into the pillar to the point where yielding stops. At this
point, the singularity disappears because of the canceling effect
of theresidua stressintheyield zone. The effective minewidth,
ay - a% D, represents the distance to the new elastic crack tip,
where D symbolizes the extent of the yielded zone.

Theyielded zone, D, exertsaresidual stressequal totheyield
stress, F,, The yield zone, D, depicted as additional opening
width, isnot really an opening; thematerial can till bear theyield
stress. The size of D is chosen so that the stress singularity
disappears: K,,, approaches zero. This means that the stress
intensity, K4, due to the uniform in situ stress, F, has to be
compensated by the stressintensity, K, dueto theresidual wedge
forces F,[Broek 1982]. In other words:

Kinsta ~ &Kp (14)

Satisfying equation 14 leads to the determination of D in the
following manner. Equations 2 and 3 describe how a point load
affects the stress intensity factor, K. If the wedge forces are

distributed from s to the effective crack tip, the stress intensity
becomes

K~ P ? a%x% a& X dx (15)
/Ba M\ a&x a%x '

Solution to thisintegral is

K™ 2P\J7E cost S (16)
B a
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Figure 13.—Modeling various support structures using the point-force technique.

*

2a

Figure 14.—Continuous point forces approximate the residual pillar strength in
yielded zone preceding the elastic crack tip.

Applying this result to the crack in figure 14, the integral

hasto betakenfroms ™ atoa ™ a%D. Thus, "a" hasto be

substituted for "s" and "a% D" for "a" in equation 16, while

Pequastheyield strength, F, [Broek 1982]. Thisleadsto

the determination of the yield zone as
D B%F%a ’

2
8Fys

(17)

where D isthe extent of the pillar yield zone.

Dugdal€e's description of the yield zone does not
provideasimpleway to predict the stressdistributionin the
elastic core adjacent the yielded edge. Irwin presents a
method to predict the stress distribution in the eastic
portion of the pillar [Broek 1982]. Irwin describesayield
zone that is similar in length to Dugdal€'s prediction;
however, the crack tip extends only one-half the distance
(figure 15).

Thesingularity vanishesif areaA " areaB. Itwaspossible
to verify this using spreadsheet software. It is particularly
accurate for values of F/Flessthan 0.75. Irwin's description
produces the stress distribution shown in figure 16. This
distributionisnot representativewithin situ measurementstaken
at underground mines [Mark and lannacchione 1992].

PLAIN STRAIN

Dugdale's method concerns conditions of plane stress.
Pillar analysisreguiresaplanestrain condition. Studiesindicate
that for the case of plain strain, the effective yield stress can be
as great as three times that for a similar plain stress analysis.
This is due to confinement, which increases the triaxia yield
strength. Broek suggests modifying the yield stress with the
constraint factor:

p.cf. = 1.68F, (18)



128

B
e I
T A
e
- T - X
T e 5 XI _ﬁ)<——EIasﬂc Zone —»
gélrwin N
> Zone

—E_Oef

Figure 15.—The Westergaard distribution originates at the beginning of the Irwin zone, but does not take

effect until the beginning of the elastic zone.

Coal Pillar

Figure 16.—Pillar stress distribution as predicted by the Dugdale-Irwin method.

THE DUGDALE-IRWIN METHOD AS IT RELATES TO
A MINE ENVIRONMENT

Previousresearch indicatesthat confinement increasesthe
yield strength of a pillar core [Crouch and Fairhurst 1973;
Karabin and Evanto 1999; Sih 1966; Salamon and Munro
1967]. However, the measured pillar stress distribution does
not resembl ethedistribution predi cted by Dugdale-1rwin shown
in figure 16. Underground measurements show the residual

strength should be low at the wall of the mine opening, but
increase proportionaly with the distance into the pillar
core.

The mathematical model predicted by Dugdale-lrwinis
accurate; only the visual perception is misleading. The
residual stress distribution in the yielded area can take on
any shape as long as area A equals area B (figure 17).
A morerealistic stress distribution such as that in figure 18
should then be possible.
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Figure 18.—Possible contour of pillar stress using the Dugdale-Irwin method.

COMBINING EMPIRICAL METHODS INTO THE ANALYTIC ANALYSIS

The Westergaard equation introduces a singularity at
the pillar edge; thisis where the stress approaches infinity.
To eliminate this singularity, the edge must yield and
redistribute the load. The yielded edge retains a residual
strength that offers confinement to the core.

In situ field measurements demonstrate a nonlinear
residual stressdistribution in theyield zone of acoal pillar.
The stressislow at the pillar rib and increases rapidly into
the center of the pillar. This indicates that confinement
makes the pillar strength higher than the unconfined
compressive strength used by Dugdale-Irwin. Itispossible
to usethe point-force method to model thisresidual strength
and thus predict the extent of the yield zone. It is a
common numerical technique to study the yielding coal

with astrain-softening model [ Crouch and Fairhurst 1973; Wil-
son 1972]. Figure 19 depicts amodel in terms of stress versus
strain in atimeframe denoted by peak and post (residual) stress.
It is possible to use any of the popular pillar strength
equations to predict the strain-softening characteristics of the
coa. The equations of Bieniawski and Holland-Gaddy are the
most accepted of theseequations[Mark and lannacchione 1992].
Mark and | annacchione devel oped an equation that representsan
average of these two equations. It predictsthe pillar strength as
afunction of distance from the opening. Thisequationis:

F ()" S, ><[0.78% 1.74%] , (19)
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Figure 19.—The stress-strain characteristics in the yield
zone of a coal seam.

where F, ® pesk stressat distance x, MPa,
S, " insitucoal strength, MPa,
x " distanceto the freeface, m,
and h =

seam height, m.

It is possible to model the stress distribution in the yield
zone as a series of point forces (figure 20). These

peak
. stress
= _
o residual
8 stress
7 s
AXL %A
N ‘
| TT
Group 1 Group 2 Group 3

strain (in./in.)

Figure 20.—It is possible to model peak or post stress as
several groups of point forces.

continuous series of point forces has a uniform intensity
within each group. Equation 19 will predict the average
strength assigned to each group. It is necessary to use an
iterative technique to determine the extent of theyield zone.
This iterative technique progressively yields each group
whiletesting for the disappearance of the singularity. When
Kp $ Kiws theyielding stops. Luo has eliminated the need
for an iterative technique by providing the exact solution for
the equation [Kramer et al. 1998].

EXAMPLE: USING STRAIN-SOFTENING TO DETERMINE THE EXTENT
OF THE YIELD ZONE

Origindly, this example was formulated using U.S.
customary units of measurement. Conversion to the metric
system makes some values appear awkward.

GROUP 1: 0-2mINTO THE PILLAR
Input Parameters:

S, " 35MPa

Fisw - 6.9 MPa

Entry width (2a) " 6 m
a"3m

Extension of group1(e) " 2m
h®2m

By - A% € " 5m

Thefirst group of point forces simulates the post strength
for group 1, which is the first 2 m into the pillar

(figure 20). These point forces are uniform; therefore, it is
necessary to use equation 19 to determine an average
strength value. Thisvalue will be assigned the point forces
in group 1. An estimate of the average point force for
group 1 would be determined from equation 19 for a point
1 minto the pillar.

Fag " F1M) 3.5( 0.78% 1.74%) " 5.8MPa

The stress intensity relating to this average point force is
taken from equation 15 as

A
K - Favg f aEff%X % aeff&x dx .
Pous J/Bay M Byp & X Byr X




Equation 16 solvesthisintegral as

Kos., ™ 2Fag Pt ot 2
1 B aeff
- 5 13
Kps, " 2(58 5 cos* G
" 136
Kosoa  Kosi,
" 13.6

The stress intensity for group 1 in absence of the point forces
is

K, * 69/BE%2)
*27.3

Kostoa 1S 1€8S than K ,; therefore, this section is yielded and
the crack extends to the end of the next section (group 2). The
coal continuestoyield until theresidual pillar stressovercomes
thein situ Westergaard stress.

GROUP 2: 2-4mINTO THE PILLAR
Input Parameters:

e "2m

A oM

B A NETTM

Midpoint of group 2 is 3 minto the pillar

The crack tip is extended 4 m (i.e,, e, % &) to the end of
group 2. This makes a,, the effective crack tip, equal to 7 m.
Using equation 19, the average stress in this section is
11.9 MPa. Thisisthe post strength determined for alocation
3 minto the pillar. The stressintensity caused by the wedge
forcesingroup 2is

- 7 1 5
Kes,, 2(11.9J7E cos® =

" 275

Itisnecessary to also consider the stressintensity caused by
the residual point forces in group 1. Because the crack tip
extended into the 2-to 4-m (group 2) section of theyield zone,
it is necessary to recaculate the effect of the 0- to 2-m
(group 1) section of the yield zone:
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5
0
K" 5.8 ) [\j 79X o J 7§¢x) "
2 B7 T 7&X 7% X
"Derive—A Mathematical Assistant” determined this value
to be:

PS;,

The total stress caused by the point forcesis

- 0
Kpsrota Kpsz‘z b Kpsl.Z

" 33.6

The stressintensity caused by the crack extension to theend
of group 2 in absence of the residual point forcesis

K,,, " 6:9/BB%2)

" 323

Thisstressfactor islessthanthe stressintensity dueto the
residua strength point forces (K, < K ow); thus, the
yielding ceases in group 2. Because the values are nearly
equal, the crack extended almost to the end of group 2 (i.e.,
4 mintothepillar). Itispossibleto refine this distance, but
it is unnecessary for this example. Equation 19 will predict
the stress distribution in the yield zone; the Westergaard
equation will predict the distribution in the elastic core.

Irwin suggests away to use the Westergaard equation to
predict thestressdistributioninthepillar'selastic core (at the
edge of the yield zone) [Broek 1982]. Irwin agrees with
Dugdal€'s prediction for the extent of the yield zone, but he
argues that the crack tip extends into this zone one-half the
distance predicted by Dugdale such that

* ® D/2 ® 2m (in the previous example).
Thisincreases the effective crack width to
8y " A* " 5mM.

Thisisthe beginning of the Irwin zone—the region from
which the Westergaard equation predicts the stress
distribution into the core of the material (figure 21).

Extending the crack tip to the beginning of thelrwin zone,
the Westergaard equation becomes

F

F - insitu

Irwinzone ~— ———
VX2 & (a% *)?

X
(21)
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Although the x-origin in the Westergaard eguation 19 describes the stress distribution throughout the entire yield
begins in the Irwin zone, the stress distribution does not ~ zone. Figure 22 shows the stress distribution for the combined
take effect until the beginning of the elastic zone. Equation  strain-softening and analytic models.

Gys >
i
e —— A
)":7 L “}‘L‘L‘L
‘ i | «—Elastic Zone —»
<Ivin |
one
a eff :
Figure 21.—The Westergaard equation begins in the Irwin zone; it takes effect in the elastic
zone.
Combination of Strain-softening and Elastic
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Figure 22.—Strain softening in the process zone and a Westergaard distribution in the elastic zone.
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SUPERPOSITION

A mine opening affects the stress distribution at each of
its sides. A mine panel is a gridwork of regularly or
irregularly spaced entries and crosscuts.’ For a complete
stress analysis, it is necessary to consider the stress influ-
ences caused by every mine passageway. A superposition
technique makes this possible [Kramer 1996].

The superposition technique requires subdividing the
stress distribution into its constitutive components
(figure 23). Each side of the pillar is subjected to a

°An entry is a tunnel aligned in the main direction of mining.
A crosscut connects individual entries, usually at aright angle. Several
entriesand crosscuts compriseaminepanel. A pillariscoa remaining in
place between two entries and crosscuts; it supports the mine roof.

Westergaard stress distribution. Restricting the pillar model to
two dimensions, as in the case of plane strain, limits these
distributions to the left and right sides of the pillar. The basic
components needed in the superposition are the uniformin situ
stress, the stress component from the left opening, and the stress
component from the right opening. The right and left stress
componentsare each equal to the Westergaard equation withthe
in situ stress removed such that

= + FinsitX &F

component insitu*
Yx?&a?

(22)

< 20—

X €—

Figure 23.—Pillar stress broken down into three components.
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The left stress component has the origin of its axis
located to the left of the pillar. The positive direction, rel-
ativetothisaxis, isrightward from the origininto thepillar.
The right component is the mirror image of the left. This
component hasthe origin of itsaxisto theright of thepillar.
Thevariable"a" can have adifferent value for each side of
the pillar (figure 23). The total stress distribution on the
pillar is equal to the left component plus the uniform

in situ stress plus the right component. As verified by FLAC,
the superposition technique accurately predicts the stress
distribution across asingle pillar (figure 24).

A mineopening affectsthestressdistributionfor asubstantial
distance. A mine pand consists of a gridwork of entries and
crosscuts. It isnecessary to superimpose the stress components
from all mine passageways. FLAC compares the results of the
superposition across an entire mine panel (figure 25).

Superposition Technique Across a
Single Pillar

40.0
2 300 T
= 20.0
8 - *_.;\éTLejga’@Eﬁ
£ 10.0 -
2 0.0 |
0.0 10.0 20.0
Distance From the Left Opening (m)
Figure 24.—Pillar with stress superimposed from both sides.
Superposition Comparison
35

Stress (MPa)

00 50.0

100.0 150.0

Distance Across Panel (m)

Figure 25.—Westergaard equation and superpositioning stress over an entire mine panel.

Comparison with numerical model.
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POSSIBLE ENHANCEMENTS

It is possible to enhance the modeling capabilities of the
FMA. Adding other techniques would give the ability to
analyze displacementsin the strata, creep behavior in mine
supports, and the effects of multiple-seam mining. Because
the FMA is straightforward and easy to use, there is
potential to model many different mining situations.

The following sections discuss some possible additions
totheFMA. Although each technique presented seemsrea
sonable, no comparison has been made with numerical
analysis to qualify accuracy.

VIEW OF STRESS DISTRIBUTION FROM A
PLANAR PERSPECTIVE

Sometimesit is desirable to study the stress distribution
looking down on the coa seam (planar view) instead of into
it (cross-sectional view). Inaplanar view, coal pillars are
rectangular. Thecornersof thepillar generate mathematical
singularities that create problemsfor analysis. Oneway to

eliminate the singularities is to assume the pillar is an ovaloid
instead of arectangle [Kramer 1996]. It is possible to segment
the pillar into concentric ovaloid lines of equal distance (fig-
ure 26). Fracture mechanics predicts the stress distribution
through the pillar centers, as indicated by the vertical and
horizontal linesin figure26. Aninterpolation technique can ap-
proximatethe stressthroughout thepillar by using the concentric
ovaloid arcs as interpolation pathways. For instance, the arc
segment between points A and B in figure 26 would be the in-
terpolation path between the stresses at points A and B. It is
easy to interpolate the stresses along ovaloid paths. The basic
equations for mapping elliptical coordinates to Cartesian
coordinates are:

X " acos?2
y " bsin2 (23)

An example of the interpolation process follows.

Figure 26.—Fracture mechanics predicts the center stress in both directions through the
pillar. An interpolation technique translates the stress along the elliptical trajectories.
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EXAMPLE OF INTERPOLATION
Considering the elliptical path shown in quadrant | of

figure 27, interpol ate the stresses along path A-B in the outer
arc of quadrant |. For this example, assign the following
properties:

F, © 1,000 psi

Fg * 1,500 psi

a"20

b*"10

Divide 2 into five equal angles:

90 .+ 400
- 18 (24)

Determine the stress interpolation interval for each 18° arc:

1,500 psi & 1,000 psi
5 intervals

" 100 psi per interval (25)

Figure 28 illustrates the stress distribution aong this arc.
Equation 24 relates any point on the A and B axisto any point
on the ovaoid (figure 27). Therefore, it is possible to
approximatethestressdistribution throughout theentirepillar.

VISCOELASTICITY

Sih[1966] and Parisand Sih [1965] discuss crack behavior
in viscoelastic (time-dependent) material. For viscoelastic
material, the crack-tip stressfield is the same, only the stress
intensity factors K, are functions of time, such that

K, " K1) (26)

Thisfunction shows promise for future applications using the
FMA. For instance, it could be valuable for studying the be-
havior of salt.

DISPLACEMENTS

Fracture mechanics may also predict the displacement/
strain in amine environment. A common method to predict
displacement is referred to as the "crack opening
displacement” (COD) [Broek 1982]. The COD method takes
into account the total displacement of the crack surface
(figure 29). In mining, the COD predicts the combined
displacement of the roof and floor of an opening, such that

COD'2v'4—£ 2ex? @7
and at the center of the opening:
cop,, " 2v - 42 28)
Y
A I
I
/ B(0.b)
b N
, 0%,  Wa0)
a
11 v

Figure 27.—Relationship between elliptical and rec-
tilinear coordinates.
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Figure 28.—Stresses distributed along interpo-
lation arc.

i >
Figure 29.—The crack opening displacement (COD) method
considers the displacement of the entire surface of a crack.



MULTIPLE-SEAM MINING

It may be possibleto predict the effects on stress distribu-
tion caused by mining activity in seams above or below the
areaof interest. By using stressinfluencefunctionsdevel oped
for minesubsidenceprediction, it should bepossibleto predict
multiple-seam influences with a respectable degree of
accuracy
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[Luo 1997]. This multiple-seam model could be more
accurate than other numerical methods because most other
methods use influence functions based on the theory of
elasticity, which assumesinfinitesimal displacements. Using
influence functions based on mine subsidence profiles takes
into account the well-documented, large-scal e displacements
measured at various mine locations.

CONCLUSION

This paper presentsthe FMA for predicting the stressesina
mine panel. It can model any combination of mine supports
such as longwall gob, yield pillars, cribs, chocks, posts,
automated temporary roof supports, and hydrostatic loads. The
technique uses an analytic expression; thus, it is fast, smple,
and accurate. It simulatespillar yield by combining theanalytic
equation with any empirical pillar strength equations. The pro-
cedure incorporates easily into spreadsheets or computer
software. The FMA predicts pillar stresswith ahigh degree of
accuracy; however, it is no match to good numerical modeling

software. Its main function isto be quick and smplein or-
der to encourage nonspecialized personnel to use it as a
guide for studying mine supports.

The FMA works well for coal seams aligned along a
horizontal plane. Additional effort is needed to assess its
accuracy for seams aligning along inclined planes. More
work isalso necessary to devel op FM A techniquesfor thick-
seam mining, multiple-seam mining, and displacement
prediction. Computer software featuring the FMA is
available from the author.
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A HYBRID STATISTICAL-ANALYTICAL METHOD FOR ASSESSING
VIOLENT FAILURE IN U.S. COAL MINES

By Hamid Maleki, Ph.D.,* Eric G. Zahl,? and John P. Dunford?

ABSTRACT

Coal bumpsareinfluenced by geologic conditions, the geometric design of coal mine excavations, and the
seguence and rate of extraction. Researchersfrom privateindustry and government agenciesaround theworld
have studied mechanismsof violent failureand haveidentifiedindividual factorsthat contributeto coal bumps.
To develop predictive tools for assessing coal bump potential, the authors initiated a comprehensive study
using information from 25 case studies undertaken in U.S. mines. Multiple linear regression and numerical
modeling analyses of geological and mining conditions were used to identify the most significant factors
contributing to stress bumpsin coal mines.

Twenty-five factors were considered initially, including mechanical properties of strata, stressfields, face
and pillar factorsof safety, joint spacings, mining methods, and stressgradients. 1n situ strength was estimated
in 12 coal seamswhere uniaxial compressive strength exceeded 2,000 psi. Allowances were made for favor-
ablelocal yielding characteristics of mine roof and floor in reducing damage severity. Pillar and facefactors
of safety were calculated using displacement-discontinuity methods for specific geometries.

Thiswork identified the most important variables contributing to coal bumps. These are (1) mechanical
properties of strata, including local yield characteristics of a mine roof and floor, (2) gate pillar factors of
safety, (3) roof beam thickness, joint spacing, and stiffness characteristics, which influence released energy,
(4) stress gradients associated with the approach of mining to areas of higher stress concentrations, and (5) the
mining method. By combining the strength of both analytical and statistical methods, new capabilities were
developed for predicting coal bump potential and for building confidence intervals on expected damage.

YPrinci pal, Maleki Technologies, Inc., Spokane, WA.
“Civil engineer, Spokane Research Laboratory, National Institute for Occupational Safety and Health, Spokane, WA.
3Mining engineer, Spokane Research Laboratory, National Institute for Occupational Safety and Health, Spokane, WA.
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INTRODUCTION

Coa bumps are sudden failures near mine entries that are
of such a magnitude that they expel large amounts of coal and
rock into the face area. These destructive events have resulted
in fatalities and injuries to underground mine workers in the
United States. Coa bumps are not only a safety concern in
U.S. coa mines, but also have affected safety and resource re-
covery in other countries, including Germany, the United
Kingdom, Poland, France, Mexico, the People's Republic of
China, India, and the Republic of South Africa. Gradual or pro-
gressivefailure, whichiscommonly experienced in coa mines,
hasless effect on mining continuity and safety and isgenerally
controlled by timely scaling, cleaning, and bolting.

Researchers from private industry, government, and aca-
demia have studied the mechanisms of coa bumps[Crouch and
Fairhurst 1973; Sdamon 1984; Babcock and Bickel 1984;
lannacchione and Zelanko 1994; Maleki et a. 1995] and mine
seismicity [Arabasz et d. 1997; McGarr 1984]. Seismic events
are generated as mining activities change the stress field; they
oftenresultineither crushing of coal measurerocks (strain bump)
or shearing of asperities along geologica discontinuities (fault-
dip). Sudden collapse of overburden rocks[Maleki 1981, 1995;
Pechmann et al. 1995] hasal so been associated with large seismic
events, triggering coal bumpsin marginally stable pillars.

Todifferentiate between stableand violent failure of rocks,
Crouch and Fairhurst [1973] and Salamon [1984] proposed a

comparison of postpeak stiffnessof acoal seam and theloading
system (mineroof and floor). Linkov [1992] proposed an ener-
gy criterion emphasizing that violent failure results when
kinetic energy is liberated above that consumed during frac-
turing of thecoal. Inpractice, itisdifficult to estimate postpeak
stiffness of coal for any geometry [Maleki 1995] or to calculate
fracture energies. This led some practitioners to use either
stored elastic strain energy or changes in energy release [Cook
et a. 1966] to evauate the likelihood of violent failure.

In view of limitations for unambiguous calculations of
postpeak stiffness, many researchershave attempted toidentify
individual factors influencing coal bumps using the data from
single-field measurement programs. Using such data analyses
and in the absence of rigorous statistical treatment of al case
studies, it is very difficult to identify geotechnical factors that
influence coal bumps, to assign confidenceintervals, and to de-
velop predictive capabilities.

Toidentify themost significant factors contributing to coal
bumps, the authors analyzed geometric and geol ogic datausing
both computational and statistical analysistechniques. Thedata
included information on both violent and nonviolent failures
from 25 mine sitesin Colorado, Utah, Virginia, and Kentucky,
where detailed geotechnical and in-mine monitoring results
were available.

DATA ANALYSIS

Thefirst stepin devel oping astatistical model wasto create
suitable numerical valuesthat express geologic, geometric, and
geomechanical conditions. The second step was to reduce the
number of independent variables by combining some existing
variables into new categories and identify highly correlated
independent variables. Reducing the number of variables is
needed when there are too many variablesto relate to the num-
ber of datapoints. Thepresenceof highly correlatablevariables
influenceswhich proceduresare sel ected for multipleregression
analyses. Thethird step wasto develop a multivariate regres-
sion model and identify significant factors that contribute to
coal bumps.

Some geologic variables were readily available in nu-
merical format; other geomechanical factors had to be calcu-
lated using numerical and analytica techniques. These
activitiesinvolved—

(1) Obtaining mechanical property values for roof, floor,
and coal seams through laboratory tests of samples of near-
seam strata. In situ strength of coal seamswas estimated using
the procedures suggested by Maleki [1992].

(2) Calculating both maximum and minimum secondary
horizontal stresses using overcoring stress measurements from
one to three boreholes [Bickel 1993].

(3) Calculating pillar and face factors of safety for in-
dividual case studies using both two- and three-dimensional
boundary-element techniques[Maleki 1990; Crouch 1976; Zipf
1993]. Results were compared with field data when such data
were available.

(4) Caculating energy release from a potential seismic
event using boundary-element modeling and analytical formu-
lations suggested by Wu and Karfakis [1994] for estimating
energy accumulation in both roof and coal and energy release
[McGarr 1984] in terms of Richter magnitude (M,) using the
following formula:

15M;=axlog (E) & 11.8, D
where E " total accumulated energy in roof and seam, erg,

and a " coefficient depending on joint density.

(5) Assessing the severity of coal bumps using a damage
rating developed by and based on the authors' observations of
physical damage to face equipment and/or injury to mine per-
sonnel, as well as observations by other researchers as cited in
the literature. Damage levelswere assigned aranking between
0 and 3. Level 1 signifiesinterruptions in mining operations;
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level 3 signifiesdamagesto both face equipment and injuriesto  violent (bump-prone) and nonviolent conditionsin 6 room-and-

mine personnel. pillar mines and 19 longwall mines were studied. Tables 1-3

summarizethesedataandincludeaverages, ranges, and standard

Thefirst step of the analysesinvolved theidentificationof ~ deviations. Typical frequency histograms are presented in

25 geologic, geometric, and geomechanical variablesthat had  figures 1-3 and indicate that these case studies provided good
the potential to contribute to coal bump occurrence. Both  coverage of the variables.

Table 1.—Statistical summary of geologic variables

) Standard No. of
Variable Mean deviation Range cases
JOINESEtS . .o 14 0.6 1-3 25
Cleatsets ...........ciiiiiiinn.. 1.8 0.4 1-2 25
In-seampartings ................ . ... 1 0.9 0-3 21
Jointspacing, ft .. ......... ... L 22 18 5-50 24
Rock Quality Designation (RQD) .. .......... 77 18 50-100 15
Depth, ft ... . i 1,640 440 900-2,700 25
Roof beam thickness, ft................... 14 11 5-40 25
Young's modulus, millionpsi ............... 0.4-8 0.12 0.35-0.67 25
Young's modulus of roof and floor, million psi . . 3 1 1-4.8 25
Uniaxial strength, psi .. ................... 3,240 750 2,000-4,600 25
Uniaxial strength of roof and floor, psi ........ 14,700 3,460  8,000-22,000 25
Maximum horizontal stress, psi .. ........... 1,920 1,100 100-3,800 25
Interactingseams . .............. . ... 1.2 0.4 1-3 25
Local yield characteristics . . .. ............. 0.8 0-2 25
Table 2.—Statistical summary of geometric variables 10
Standard deviation=1,088.25
Variable Mean Starjdard Range No. of 8+ / Mean=1,921.4 ~
deviation cases / ' :
Pillar width, ft ... .. 63 34 30-140 23 5 N=25.0
Pillar height, ft . ... .. 8.3 1 55-10 25 Z 6 -
Entry span, ft....... 19 1 1820 25 i / /
Barrier pillar width, ft . 165 90 50-240 6 8 /
Face width, ft ...... 550 130 200-800 25 o 4 / / -
Mining method . . . .. 1.2 0.4 12 25 o /
Stress gradient . . . .. 0.9 0.6 0-2 25 7} / % / / ]
Table 3.—Statistical summary of geomechanical variables 0 W // m '/ 4
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000
Variable Mean S‘a’.‘d‘f’“d Range No. of ;
deviation 9€ cases MAXIMUM HORIZONTAL STRESS, psi
Pillar factor of safety .. 0.8 0.3 05-14 23 Figure 2.—Histogram frequency diagram for the maxiumum
Face factor of safety .. 0.9 0.2 0.6-1.5 22 principal stress.
Energy (My) ......... 3 0.5 2-4 22
Damage ........... 1.4 1 0-3 25
10
12 Standard deviation=3,457.72
gl Mean=14,680.0 _
10 Standard deviation=34.4 . N=25.0

Mean=63.3
N=23.0 1

Z %

7 LA 7 vz
V-1 v/ 10,000 12,000 14,000 16,000 18,000 20,000 22,000

60 80 100 120 140 UNIAXIAL COMPRESSIVE STRENGTH ROOF, psi

PILLAR WIDTH, ft Figure 3.—Histogram frequency diagram for the uniaxial com-
Figure 1.—Histogram frequency diagram for pillar width. pressive strength of roof.
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Roof beamthicknessranged from 5to 40ft. The beam chosen
for the evaluation was the strongest beam of the near-seam strata
located between one and four timesthe seam thicknessinthe mine
roof. Although there is some evidence that massive upper strata
have contributed to coa bumpsin somemines[Maleki 1995], their
influence was not directly evaluated in this study because of the
lack of geologica and mechanica property data.

Local yield characterigtics of the immediate roof and floor
drata influence coa pillar failure and the severity of coad

bumps. This factor varied from O to 2, where O indicates in-
significant yidding in the roof and floor and 2 indicates
favorable, gradual yielding in both roof and floor.

Sressgradientsvaried from 0to 2, depending onwhether
mining proceeded toward an area of high stress (result-
ing from previous mining) and/or abnormal geologic
conditions, such as those occasionally found near faults or
grabens.

BIVARIATE CORRELATIONS AND DATA REDUCTION

The second step in the analyses involved correlations and
variablereductions. Based on preliminary bivariatecorrel ations
among all geologic, geometric, and geomechanical variables,
the number of variables was reduced by combining some
variablesinto new ones. Inaddition, the cause-and-effect struc-
ture in the data was identified, helping to tailor the procedures
for multiple regression analysis using forward stepwise in-
clusion of dependent variables, as described later in this paper.
The new variables were as follows:

Pgratio Ratio of maximum principal horizontal stress(P)
to minimum stress (Q)

Srenrc Theratio of uniaxial compressive strength of the
roof to the cod

Jointrf Joint spacing x roof beam thickness + mining
height

Gradyield  Ratio of roof and floor yield characteristics to
stress gradient

Panelwd Ratio of panel width to depth

Youngrc Ratio of Y oung's modulus of the roof to the

Sseam

Table 4 presents the bivariate correlation coefficients be-
tween the variable "damage" and selected geologic and

geometric variables. Energy (M,), face factor of safety, stress
gradient, pillar factor of safety, joint spacing, and uniaxial
compressive strength of roof to coal were the most significant.
Other variables were poorly correlated with damage, including
theratio of Pto Q, pillar width, and Y oung's modul us of roof to
coal.

Table 4.—Bivariate correlation coefficients
between damage and selected variables

Variable Coefficient
Significant variables:*
Damage .................... 1
Energy .......... .. .. ... ... 0.65
Gradyield ................... &0.57
Jointrf ... 0.52
Pillar factor of safety .......... &0.44
Uniaxial strength of roof to coal .. 0.36
Face factor of safety .......... &0.33
No. of interacting seams ....... 0.33
Panel widthtodepth .. ......... &0.31
Mining method . .............. 0.26
Insignificant variables:
Pillar width . ................. 0.1
Ratoof PtoQ ............... 0.1
Young's modulus roof to coal . . .. 0.07

Two-tailed tests.

MULTIPLE LINEAR REGRESSION ANALYSIS

The last step in developing predictive capabilities was to
complete multiple regression analyses using the numerical
values obtained through measurements and numerical model-
ing. Thisis a hybrid approach where the strengths of both
statistical and computational methods are combined. Com-
putational methods have been used to assess the influence of a
combination of geometric variables into single variables, such
as pillar factor of safety and released energy. This was very
useful for increasing goodness of fit and enhancing multiple
regression coefficients. Statistical methods were used to iden-
tify significant variables, build confidence intervals, etc.

The multilinear regression procedure consisted of entering
the independent variables one at atime into the equation using
aforward selection methodology. In this method, the variable
having the largest correlation with the dependant variable is
entered into the equation. If a variable fails to meet entry re-
quirements, it is not included in the equation. If it meets the
criteria, the second variable with the highest partia correlation
is selected and tested for entering into the equation. This
procedure is very desirable when there is a cause-and-effect
structure among the variables. An example of the cause-and-
effect relationship is shown when a greater depth reduces pillar



factor of safety, contributes to an accumulation of energy, and
ultimately results in greater damage. Using the above proce-
dures, any hidden rel ationship between depth and pillar factor of
safety, energy, and damage is eval uated and taken into account
during each step of the analysis.

Several geomechanical variables (table 3) were initialy
used asdependent variables. Thedamagevariable, however, re-
sulted in the highest multiple regression coefficient. The mul-
tiple correlation coefficient (R), which isameasure of goodness
of fit, for the last step was 0.87.

The assumptions of linear regression analysis were tested
and found to bevalid by an analysis of variance, F-statistics, and
aplot of standardized residuals (figure4). Residual plot did not
indicate the need to include nonlinear terms because there was
no special pattern in the residuals.
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Figure 4.—Standardized scatterplot for the dependent variable
"damage."

IMPORTANT VARIABLES CONTRIBUTING TO BUMP-PRONE CONDITIONS

Based on an examination of standardized regression coef-
ficients (table5), thefollowing variables best explain thevaria-
tionsin damage and thus statistically have the most significant
influence on coa bump potential:

» Energy release—This variable includes the effects of
the mechanical properties of the roof and coal, depth, stress
field, and joint density and thus directly relates to damage.

¢ Method.—Mining method has a bearing on coal bump
potential. The room-and-pillar method is associated with a
higher degree of damage than longwall mining.

e Pillar factor of safety.—Gate pillar geometry con-
tributes directly to the severity of damage.

e Sress gradient and yield characteristics—Mining to-
ward areas of high stress creates a potential for coal bumps;
localized yielding roof and floor conditions encourage gradual
failure, reducing the severity of damage.

Table 5.—Standardized regression coefficients and
statistical significance

Variable St;';%?é?éfﬁd T-significance
Energy ............. 0.28 0.049
Pillar factor of safety . . . &0.34 0.011
Method ............. 0.26 0.064
Gradyield ........... &0.55 0.0004
Constant ............ NAp 0.234

NAp Not applicable.

CONCLUSIONS

A hybrid statistical-analytical approach was developed to
identify the most significant factors contributing to coal bumps.
By combining the strength of both analytical and statistical
methods, the authors achieved new capabilities for predicting
coa bump potential and for building confidence intervals on

expected damage. Because the method relies on an extensive
amount of geotechnical data from 25 case studiesin U.S. coal
mines, it should be helpful to mine planners in identifying
bump-prone conditions. Thisin turnwill result in safer designs
for coal mines.
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EMPIRICAL METHODS FOR COAL PILLAR DESIGN

By Christopher Mark, Ph.D.!

ABSTRACT

Empirical methodsinvolvethescientificinterpretation of real-world experience. Many problemsinground
control lend themselvesto an empirical approach because the mines provide uswith plenty of experiencewith
full-scalerock structures. During the past 10 years, powerful design techniques have emerged from statistical
analyses of large databases of real-world pillar successes and failures. Theseincludethe Analysisof Retreat
Mining Pillar Stability (ARMPS), the Analysis of Longwall Pillar Stability (ALPS), the Mark-Bieniawski
rectangular pillar strength formula, and guidelinesfor preventing massive pillar collapses. 1nthe process, our
practical understanding of pillar behavior has been greatly enriched.

1Supervi sory physical scientist, Pittsburgh Research Laboratory, National Institute for Occupational Safety and Health, Pittsburgh, PA.
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INTRODUCTION

“Empirical” is defined by Webster's Dictionary [1988] as
"relying upon or gained from experiment or observation." Until
relatively recently, all pillar design methods used in the United
States were empirical. The earliest, proposed by Bunting
[1911], wasbased on case histories supplemented by |aboratory
testing. Later formulas followed the same basic pattern and
were derived from laboratory tests (the Holland-Gaddy and
Obert-Duvall formulas), large-scal einsitutests(the Bieniawski
formula), or case histories (the Salamon-Munro formula).

Each of these "classic” pillar design formulas consisted of
three steps:

(1) Estimating the pillar load using tributary area theory;

(2) Estimating the pillar strength using a pillar strength
formula; and

(3) Caculating the pillar safety factor.

In each case, the pillar strength was estimated as a function of
two variables—the pillar's width-to-height (w/h) ratio and the
coal seam strength. For many years, these classic formulas per-
formed reasonably well for room-and-pillar mining under
relatively shallow cover. Their key advantages were that they
were closely linked to reality and were easy to use.

The greatest disadvantages of empirical formulas are that
they cannot be easily extended beyond their original database,
and they providelittle direct insight into coal pillar mechanics.
The growth of longwall mining exposed these shortcomings.
Full extraction resultsin large abutment loads, which cannot be
estimated by tributary area. More important is that longwall
mining uses pillarsthat are much more "squat” (largew/hratio)
than those for which the classic formulas were developed.
Testing such pillarsin situ is prohibitively expensive, and lab-
oratory tests of squat pillars are clearly inappropriate. More-
over, longwall mining raised some new issues even about the
definition of what constitutes pillar "failure." The classic ap-
proach assumes that "pillars will fail when the applied load
reaches the compressive strength of the pillars' and that "the
load-bearing capacity of the pillar reduces to zero the moment
the ultimate strength is exceeded" [Bieniawski 1992]. When
large w/h longwall pillars "fail," however, their load-bearing
capacity doesnot disappear. Rather, the gate roads become un-
serviceable.

During the 1970s, analytical methodsbeganto emergeasan
alternative to the classic formulas. Wilson [1972, 1983] of the
British National Coal Board was the first to take a radically
different approach to pillar design. He treated pillar design as
a problem in mechanics, rather than one of curvefitting to
experimental or case history data. A pillar was analyzed as a
complex structure with anonuniform stress gradient, abuildup
of confinement around ahigh-stresscore, and progressivepillar
failure. Althoughhismathematicswereserioudy limited[Mark

1987; Salamon 1992], Wilson'sbasic concepts are now broadly
accepted.

The advent of powerful computer models gave a further
boost to the analytical approach. The primary advantage of nu-
merical models is that they can test assumptions about pillar
behavior as affected by a variety of geometric and geologic
variables. For example, independent studies reported by Gale
[1992] and Su and Hasenfus [1997] concluded that for pillars
whosew/h > 6, weak host rocks or partings have greater effects
onpillar strengththanthe uniaxial compressivestrength (UCS).
Unfortunately, effective numerical modeling requiresnumerous
assumptionsabout material properties, failurecriteria, and post-
failure mechanics.

In their insightful article, Starfield and Cundall [1988]
introduced a classification of modeling problems (figure 1).
Oneaxisonthegraph referstothe quality and/or quantity of the
available data; the other measures the understanding of the
fundamental mechanics of the problem to be solved. In many
branches of mechanics, most problemsfall into region 3, where
thereis both good understanding and reliable data. Thisisthe
region wherenumerical modelscanbebuilt, validated, and used
with conviction. Starfield and Cundall argued that problemsin
rock mechanicsusually fall into thedata-limited categories2 or
4 and require amore experimental use of models.

In the field of coal mine ground control, however, many
problemsmay actually fall into Starfield and Cundall'sregion 1.
Our understanding of the complex mechanical behavior and
properties of rock masses may be limited, but the potential for
data collection is huge. Hundreds of longwall and room-and-
pillar panels are mined each year, and each one can be con-
sidered a full-scale test of a pillar design. As Parker [1974]
noted: " Scattered around theworld are millionsand millions of

'

DATA

Y

UNDERSTANDING

Figure 1.—Classification of modeling problems (after Star-
field and Cundall [1988]).



pillars—the real thing—under all imaginable conditions; and
tabulating their dimensions, theapproximatel oads, and whether
they are stable or not would provide most useful guidelinesfor
pillar design."

Actually, simply tabulating data does not necessarily lead to
useful conclusions. Fortunately, today's data analysis tech-
nigues are far more powerful than those that were available to
the pillar design pioneers. In the past 30 years, sciences like
economics, sociology, psychology, anthropol ogy, and epidemi-
ology have al been transformed by quantitative data analysis
using statistics[Encyclopedia Britannica 1989]. Sophisticated
statistical packagesenableresearchersto efficiently comblarge
databases for significant relationships between the variables.

The empirical approach requires that the researcher begin
with aclear hypothesis, often in the form of asimplified model
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of thereal world that abstracts and isolates the factors that are
deemed to be important. It therefore requires, as Salamon
[1989] indicated, "areasonably clear understanding of thephys-
ical phenomenonin question." Without prudent simplification,
the complexity of the problem will overwhelm the method's
ability todiscern relationshipsbetween thevariables. However,
akey advantageisthat critical variables may beincluded, even
if they are difficult to measure directly, through the use of
"rating scales."

During the past 5 years, modern empirical techniques have
been applied to a variety of problems in coal mine ground
control. They have resulted in some very successful design
techniques, as well as some new insights into pillar and rock
mass behavior. This paper discusses some of them in more
detail.

DESIGN OF LONGWALL GATE ENTRY SYSTEMS

Inthe 15 yearsafter 1972, the number of U.S. longwall faces
increased from 32to 118 [Barczak 1992]. The new technology
created ahost of operational and safety problems, including the
maintenance of stable travelways on the tailgate side. Re-
searchers initially viewed gate entry ground control primarily
as a pillar design issue. The clear correlation between larger
pillars and improved conditions that had been established by
trial and error at many mines supported this approach.

The most obvious difference between longwall pillars and
traditional coa pillars is the abutment loading. The major
contribution of the original Analysis of Longwall Pillar Sta-
bility (ALPS) was aformulafor estimating the longwall pillar
load based on numerous underground measurements [Mark
1990]. Anevaluation of 100 case histories showed that 88% of
thefailed cases had stability factors<1.0; 76% of the successful
cases had stability factors $1.0 [Mark 1992]. It was evident
that ALPS had captured an essential element of the gate entry
design problem.

Ontheother hand, therewasawide range of stability factors
(approximately 0.5 to 1.2) in which both successful and
unsuccessful designs occurred. Clearly, other variables in
addition to the AL PS stability factor were influencing tailgate
performance. A hypothesis was proposed stating that tailgate
performance is determined by five factors:

* Pillar design and loading;
» Roof quality;

* Entry width;

 Primary support; and

* Supplemental support.

Attacking this extremely complex problem with traditional,
deterministic rock mechanics using analytical or numerical
models would have been extremely difficult. On the other
hand, the problem was ideal for an empirical approach. The

empirical method could makefull useof thewealth of full-scale
case history data that had been collected. Moreover, it could
focusdirectly onthevariabl e of interest—tail gate performance.

It quickly became clear that roof quality was the key.
Studies conducted as early as the 1960s had concluded that
"whether or not the stress [from an extracted longwall panel]
will influence aroadway depends more on the strength of the
rocks which surround the roadway itself than on the width of
theintervening pillar" [Carr and Wilson 1982]. Y et the variety
and complexity of geologic environments had defied effective
measurement.

TheCoal MineRoof Rating (CMRR) overcamethisobstacle
by providing a quantitative measure of the structural compe-
tence of coal mine roof [Molinda and Mark 1994; Mark and
Molinda 1996]. The CMRR applies many of the principles of
Bieniawski's Rock Mass Rating (RMR), with the following
significant differences:

e The CMRR focuses on the characteristics of bedding
planes, dlickensides, and other discontinuitiesthat determinethe
structural competence of sedimentary coal measure rocks.

 Itisapplicableto al U.S. coalfields and allows a mean-
ingful comparison of structural competence, even where lith-
ologies are quite different.

« |t treats the bolted interval as a single structure while
considering the contributions of the different lithologic units
that may be present within it.

The CMRR weighs the importance of the geotechnical factors
that determine roof competence and combinesthesevaluesinto
asingle rating on a scale from 0 to 100.

Data on tailgate performance were collected from approxi-
mately 55% of al U.S. longwall mines; these mines were se-
lected to represent a geographic and geologic cross section of
the U.S. longwall experience. A tota of 64 case historieswere
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classified as "satisfactory” or "unsatisfactory" based on the
conditionsin thetailgate [Mark et al. 1994]. Each case history
was described by the ALPS stability factor (SF), entry width,
and primary support rating, as well asthe CMRR.

Multivariate statistical analysisshowed that whentheroof is
strong, smaller pillars can safely be used. For example, when
the CMRR is 75, an ALPS SF of 0.7 is adequate. When the
CMRR drops to 35, the ALPS SF must be increased to 1.3.
Significant correlations were also found between the CMRR
and both entry width and the level of primary support [Mark
et a. 1994]. A simple design equation related the required
ALPS SF to the CMRR:

ALPSSF " 1.76 & 0.014 CMRR (1)

THE ALPS database was recently revisited, with several
new variables added. These include:

Rectangular pillar strength formula: All of the SFs were
recal culated withthe M ark-Bieniawski formula(seethe section
below on "Interactions With Numerical Models") substituted
for the original Bieniawski formula. The new result is
designated asthe ALPS (R) SF.

Uniaxial compressive strength: Nearly 4,000 laboratory
tests were compiled from the literature into the Database of
Uniaxial Coa Strength (DUCS) [Mark and Barton 1996].
From these data, typica seam strength valueswere obtained for
60 U.S. coalbeds.

Width-to-height (w/h) ratio: Thew/h of the largest pillar in
the gate entry system was included as an independent variable
to check if the pillar strength formula could be improved.

Depth of cover (H): H wasincluded asan independent vari-
able primarily to check the loading formulation.

The entry width and the primary support were included as
before.

Thestatistical analysisshowed that the ALPS (R) SF and the
CMRR till correctly predicted 85% of the outcome, including
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Figure 2.—U.S. longwall case histories showing the modified
design equation for ALPS (R) with the Mark-Bieniawski pillar
strength formula.

94% of the failures. None of the other new variableswould be
included even at the 50% confidence level (a 90% confidence
level would be required for a covariate to be considered sta-
tigtically significant). Figure 2 shows the distribution of the
case histories and the revised design equation

ALPS (R) SF * 2.0 & 0.016 CMRR )

Since 1987, AL PS has become the most widely used pillar
design method inthe United States. The ALPS-CMRR method
directly addresses gate entry performance and makes U.S.
longwall experience available to mine planners in a practical
form. ALPS reduces a multitude of variables (e.g., depth of
cover, pillar widths, seam height, entry width, roof quality) into
a single, meaningful design parameter—the stability factor.
ALPS has been accepted because it easy to use, its essential
concepts are easy to grasp, and it has been thoroughly verified
with case histories. Most importantly, ALPS gives reasonable
answers that make sense in terms of experience. Tailgate
blockages are far less common today than 10 years ago; ALPS
can surely claim some of the credit.

PILLAR DESIGN FOR ROOM-AND-PILLAR MINING

Room-and-pillar mining still accountsfor nearly 50% of the
underground coal mined in the United States (even after
excluding longwall development). M ost room-and-pillar mines
operate under relatively shalow depth, often working small,
irregular deposits. Approximately 20% of room-and-pillar coal
iswon during pillar recovery operations [Mark et a. 1997h].

Room-and-pillar mines still suffer from large-scale pillar
failures, including sudden collapses and the more common
"squeezes." The classical empirical pillar strength formulas
were devel oped precisely to prevent these types of failures, but
they have never been entirely satisfactory. First, they did not
consider the abutment loads that occur during pillar recovery

operations. Second, laboratory testing to determine coal
strength has remained controversial despite the fact that text-
books have considered it an integral part of pillar design for
30 years. Third, because the empirical formulas were devel-
oped from tests on relatively slender specimens, their ap-
plicability to sguat pillars has been open to question. Finally,
attempts to verify the formulas accuracy with U.S. case his-
tories have been incomplete and conspicuously lacking in
examples of pillar failure [Holland 1962; Bieniawski 1984].
Anintensive research effort to develop an improved design
method culminated in the Analysis of Retreat Mining Pillar



Stability (ARMPS). ARMPS employs many of the same basic
constructsasAL PS, adapted to more complex and varied retreat
mining geometries[Mark and Chase 1997]. The abutment load
formulas were adapted to three dimensions to account for the
presence of barrier pillars and previously extracted panels.
Becausethe pillars used in retreat mining are often rectangular,
the Mark-Bieniawski pillar strength formulawas devel oped to
estimate pillar strength. Featuressuch asvaried entry spacings,
angled crosscuts, and slab cutsin the barrier can all be model ed.

To verify ARMPS, more than 200 retreat mining case
histories were obtained from field visits throughout the United
States. The case histories come from 10 States and cover an
extensive range of geologic conditions, roof rock caveability,
extraction methods, depths of cover, and pillar geometries.
Ground conditions were characterized in each case as satis-
factory or unsatisfactory. Where possible, data were also col-
lected to assessthe CMRR. Site-specific dataon coal strength
were not generally available for individual case histories, but
DUCS again provided estimates of UCS for most coalbeds.
Finally, the depth of cover and the w/h were also included as
independent variablesintheanalysis. Detailson theindividual
case histories have been presented el sewhere [Mark and Chase
1997].

When the entire data set was evaluated, it was found that
77% of the outcomes could be correctly predicted smply by
setting the ARMPS SF to 1.46. Including either the depth or
thew/hincreased the correl ation coefficient, r?, slightly without
improving the accuracy (figure 3). The depth and thew/h ratio
were strongly correlated with each other within the data set.

The accuracy improved when the data set was divided into
two parts. One group included only cases where cover was
shallow (H < 200 m (650 ft)) and where the pillars were not
squat (w/h < 8). For this group, when the ARMPS SF = 1.5,
83% of the outcomes were correctly predicted. However, for
the deep cover/squat pillar group, only 58% of the cases were
correctly predicted at ARMPS SF * 0.93. No other variables
could be included in either group at the 90% confidence level.
It seems clear that ARMPS works quite well at shallow depth
and moderate w/h ratios, but that other factors must be con-
sidered when squat pillars are used at greater depths.

The analysis also found that using laboratory UCS tests did
not improve the accuracy of ARMPS at al. Thisfinding con-
firms the results of a previously published study [Mark and
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Figure 3.—U.S. room-and-pillar case histories.

Barton 1996], which showed that ARMPS was more reliable
when the in situ coal strength was always assumed to be
6.2 MPa (900 psi). It also showed that the "size effect” varies
dramatically from seam to seam depending on the coal cleat
structure.

Studies in the Republic of South Africaand Australia have
aso found that auniform coal strength worked reasonably well
in pillar design formulas [Salamon 1991; Galvin and Hebble-
white 1995]. It has already been noted that ARMPS is signif-
icantly lessreliablefor squat pillars. 1t seemslikely that while
the strength of the intact coa (which iswhat is measured in a
laboratory test) is not related to pillar strength, large-scale
geologicfeatureslikebedding planes, clay bands, rock partings,
and roof and floor rock may determine the strength of squat
pillars. Such featuresinfluencetheamount of confinement that
can begenerated withinthe pillar and thereforetheload-bearing
capacity of the pillar core. Similar conclusions have been
reached by researchers using numerical models [Su and
Hasenfus 1997; Gale 1992].

Although the CMRR was not found to be significant in the
overall data set, one local study indicated that caveability may
affect pillar design. Morethan 50 case historieswere collected
a a mining complex in southern West Virginia. Anaysis
showed that satisfactory conditions were more likely to be
encountered under shale roof (figure 4) than under massive
sandstone roof (figure5). Theimplication isthat better caving
occurs with shale, resulting in lower pillar loads.



150

Osatisfactory
Bimarginal
BuUnsatsfactory

Satisfactory

Miargimal

Unsatisfaciory

Number of Cases

ARMPS Stability Factor

2.76

roof.

Figure 4.—Pillar performance under different roof geologies at a mining complex in West Virginia—shale

.DSatisiactnry o
Omarginal

Satisfactory

Marginal

Unsatisfactory

BMUunsatisfactory | _—— - e

ARMPS Stability Factor

2.50

L
Mumber of Cases

in West

Figure 5.—Pillar
Virginia—sandstone roof.

performance under different

roof geologies at a mining complex



151

MASSIVE PILLAR COLLAPSES

Most of the pillar failuresincluded in the ARMPS database
are"sgueezes' inwhich the section converged over hours, days,
or even weeks. There are also 15 massive pillar collapses that
form an important subset [Mark et al. 1997a]. Massive pillar
collapses occur when undersized pillars fail and rapidly shed
their load to adjacent pillars, which in turn fail. The
consequences of such chain-reaction failures typically include
apowerful, destructive, and hazardous airblast.

Data collected at 12 massive collapse sitesreveal ed that the
ARMPS SF was <1.5 in every case and <1.2 in 81% of the
cases(figure6). What really distinguished the sudden collapses
from the low squeezes, however, was the pillar's w/h ratio.
Every massive pillar collapse involved slender pillars whose
w/h was <3. The overburden also included strong, bridging
stratain every case.

In this instance, the empirical analysis led to a hypothesis
about the mechanism of the failure. Laboratory tests have
shown that dlender coal specimenstypically havelittleresidual
strength, which means that they shed almost their entire load
when they fail. As the specimens become more squat, their
residua strength increases, reducing the potential for a rapid
domino-typefailure. The mechanism of massive collapseswas
replicated in a numerical modd [Zipf and Mark 1997], pro-
viding further support for the hypothesis.

Three aternative strategies were proposed to prevent mas-
sive pillar collapses:

» Prevention: With the prevention approach, the panel
pillarsare designed so that collapseishighly unlikely. Thiscan
be accomplished by increasing either the SF of the pillars or
their w/h ratio.

» Containment: In this approach, high extraction is prac-
ticed within individual compartments that are separated by
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Figure 6.—A portion of the room-and-pillar case history data-
base showing examples of pillar collapse.

barriers. Thesmall pillars may collapse within acompartment,
but because the compartment sizeis limited, the consequences
arenot great. The barriers may be true barrier pillars, or they
may be rows of development pillarsthat are not split on retreat.
The containment approach has been likened to the use of
compartments on a submarine.

« High extraction: By removing enough coal during retreat
mining, failure of the overburden may beinduced, whichwould
remove the airblast hazard.

Theempirical analysis, using case histories, hasallowed the
first two of these approaches to be quantified in terms of the
w/h ratio and the ARMPS SF. The guidelines are now being
implemented in southern West Virginia, where the mgjority of
these events have occurred.

INTERACTIONS WITH NUMERICAL MODELS

A number of important links have developed between em-
pirical methods and numerical models. Because they were ob-
tained from real-world data, empirical modelsareagood starting
point for material property input to models. For example, Mark
[1990] analyzed numerousfield measurementsof abutment stress
and determined that the stress decay over the ribside could be
approximated asaninverse squarefunction. Karabinand Evanto
[1999] adjusted the gob parameters in the BESOL boundary-
element model to obtain a reasonable fit to the inverse square
function. Similarly, Heasley and Salamon [1996a,b] used the
same stress decay function to calibrate the LAMODEL program.

Empirical formulas have a so hel ped provide coal properties
for some models. Although empirical formulas do not ex-
plicitly consider the effect of internal pillar mechanics, it is
apparent that they imply a nonuniform stress distribution be-
cause of the w/h effect. A derivation of the implied stress
gradientswas published by Mark and lannacchione[1992]. For
example, the Bieniawski formula

S, " S, (0.64% 0.36 w/h) A3)
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implies a stress gradient within the pillar at ultimate load of
S, " S, (0.64% 2.16 x/h), 4
where S, " pillar strength,
S, " insitucoal strength,
S, " vertical pillar stress,
and X " distancefrom pillar rib.

Thestressgradient definesthevertical stresswithinthe pillar at
maximum load as a function of the distance from the nearest
rib.

These empirical stress gradients have been widely used to
estimate coal properties for use in boundary-element models
that use strain-softening pillar elements. In the models, the
peak stress increases the further the element is from the rib.
The empirical stress gradients help ensure that the initial
strength estimates are reasonabl e.

The same empirical stress gradient was used to extend a
classic pillar strength formula to rectangular pillars. The
original Bieniawski formulawas derived for square pillarsand
underestimates the strength of rectangular pillars that contain
proportionately more corearea. By integrating equation 4 over

Coal pillar

the load-bearing area of a rectangular pillar, the Mark-
Bieniawski pillar strength formulais obtained:

S, " S (064%054wh&018WALh),  (5)

where L " pillar length.
The approach isillustrated in figure 7 and described in more
detail by Mark and Chase [1997].

Other sections of this paper have indicated areas where
numerical models and empirical methods have reached similar
conclusions about important aspects of pillar mechanics. In
light of these insights, old concepts of pillar "failure" have
given way to a new paradigm that identifies three broad
categories of pillar behavior:

e Sender pillars (w/h < 3), which have little residual
strength and are prone to massive collapse when used over a
large areg;

* Intermediate pillars (4 < w/h < 8), where "squeezes' are
thedominant failuremodeinroom-and-pillar miningandwhere
empirical pillar strength formulas seem to be reasonably
accurate; and

e Squat pillars (w/h > 10), which can carry very large loads
and are strain-hardening, and which are dominated by entry
failure (roof, rib, and floor) and by coal bumps.

Pillar’s load-
bearing capacity

KEY Ir L
L Pillar length
W Pillar width

RECTANGULAR PILLAR

EQUIVALENT

Coal pillar

e—w—]

SQUARE PILLAR

SNy w
y ,
l‘—(L-W)—"'
SECTION OF
STRIP PILLAR

Figure 7.—Conceptual depiction of the Mark-Bieniawski pillar strength formula.
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CONCLUSIONS

Empirical methods rely on the scientific interpretation of
actual mining experience. Becausethey areso firmly linked to
reality, they are particularly well suited to practical problems
like pillar design. Empirical methods like ALPS and ARMPS
have met the mining community's need for reliable design
techniques that can be used and understood by the
nonspecialist.

Successful empirical research has three central elements:

» A hypothesis or model that simplifies the real world, yet
incorporates its most significant features,

» A large database of case histories, developed using
consistent and thoroughin-mine datacoll ection techniques; and

* Quantitative analysis using appropriate statistical
techniques.

Empirical techniques are not, of course, the only tool in the
ground control specialist's kit. Indeed, one of the most satis-
fying developments in recent years is the synergy that has
devel oped between empirical techniquesand numerical model-
ing. The two approaches seem to have converged on anumber
of important conclusions, including:

e Laboratory testing of small coal samples, particularly
UCS tests, are not useful for predicting pillar strength;

 Thestrength becomesmoredifficult to predict asthe pillar
becomes more squat;

» Thew/hratioisimportant for predicting not only the pillar
strength, but also the mode of failure; and

* Many ground control problems must be considered from
the standpoint of entry stability, where pillar behavior is just
one component.

Certainly, more work remains before the age-old questions of
pillar design arefinaly solved. In particular, much remainsto be
learned about the mechanics of squat pillars and roof-pillar-floor
interactions. Currently, there is no accepted way to determine the
frictiona characterigtics of the contacts, bedding planes, and
partingsthat are so crucia to pillar strength. Itissimilarly difficult
to characterize the bearing capacity of the floor. Simple, mean-
ingful field techniques for estimating these properties will be
necessary for further progress with either numerica or empirical
techniques. Indeed, the cross-pallination between the numerical
and empirica methodsthat has characterized the recent past can be
expected to bear further fruit in the future.
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COAL PILLAR STRENGTH AND PRACTICAL COAL
PILLAR DESIGN CONSIDERATIONS

By Daniel W. H. Su, Ph.D.,* and Gregory J. Hasenfus?®

ABSTRACT

This paper demonstrates that finite-element modeling can be used to predict in situ coa pillar strength,
especialy under nonideal conditions where interface friction and roof and floor deformation are the primary
controlling factors. Despite their differences in approach, empirical, analytical, and numerical pillar design
methods have apparently converged on fundamentally similar concepts of coal pillar mechanics. Thefinite-
element model results, however, are not intended to suggest a new pillar design criterion. Rather, they
illustrate the site-specific and complex nature of coal pillar design and the value of using modeling procedures
to account for such complex site-specific conditions. Because of the site-specific nature of coal pillar design,
no singlepillar design formulaor model can apply inall instances. Understanding and accounting for the site-
specific parameters are very important for successful coal pillar design. More work remains before the
century-old problems related to pillar design are finally solved. Future research should focus on the cross-
linkage of empirical, analytical, and numerical pillar design methods.

TSenior research scientist.
*Group leader.
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INTRODUCTION

The strength of coal and coal pillars has been the subject of
considerable research during the past 40 years. Coal strengths
determined in the laboratory typically increase with increasing
specimen width-to-height (w/h) ratio and decrease with
increasing height and size. Based on the shape and size effect
derived from testing of cubical specimens, a number of
empirical pillar strength formulas[Gaddy 1956; Holland 1964,
Obert and Duvall 1967; Salamon and Munro 1967; Bieniawski
1968] and closed-form analytical solutions for pillar strength
[Wilson 1972; Barron 1984] were proposed during the past
4 decades and used by coal operatorsand regulatory authorities
with varying degrees of success. However, empirical formulas
may not be extrapol ated with confidence beyond the datarange
from which they were derived, typically from pillars with w/h
ratiosof #5 [Mark and lannacchione 1992], and theseformulas
inherently ignore roof and floor end constraint and subsequent
interactions.

Theimportance of friction and end constraint on laboratory
coal strength has been demonstrated by many researchers,
including Khair [1968], Brady and Blake [1968], Bieniawski
[1981], Salamon and Wagner [1985], Babcock [1990, 1994],
and Panek [1994]. Practitioners and researchers alike,

including Mark and Bieniawski [1986], Hasenfus and Su
[1992], Maleki [1992], and Parker [1993], have noted the
significance of roof and floor interactions on in situ pillar
strength.

The importance of incorporating fundamental principles of
rock material response and failure mechanics into a pillar
strength model using a finite-element modeling (FEM)
technique has been demonstrated by Su and Hasenfus [1996,
1997]. To accurately assess pillar strength, a model should
account not only for the characteristics of the coal, but also for
those of the surrounding strata. The frictional end-constraint
interaction between thepillar and the surrounding roof and floor
has been demonstrated to be one of the most significant factors
inthe strength of very wide pillars. This paper summarizesthe
results of aseries of FEM cases designed to evaluate the effect
on pillar strength of end constraint or confinement over awide
range of pillar w/h ratios, as well as the effects of seam
strength, rock partings, and weak floor. The interdependence
among pillar design, entry stability, and ventilation efficiency
in longwall mining is briefly discussed. Finaly, the site-
specific nature of coal pillar design is emphasized, and a
direction of future research is suggested.

USE OF FINITE-ELEMENT MODELING IN PILLAR DESIGN

In recent years, FEM has been used to predict in situ coal
pillar strength, especially under nonideal conditions in which
interfacefrictionand roof and floor deformation arethe primary
controlling factors. Practical coal pillar design considerations
that incorporated the results of FEM and field measurements
were presented by Su and Hasenfus [1996]. Nonlinear pillar
strength curves were first presented to relate pillar strength to
w/hratio under simulated strong mineroof and floor conditions
(figure 1). Confinement generated by the frictional effect at
coal-rock interfaces was demonstrated to accelerate pillar
strength increase beginning at a w/h ratio of about 3. There-
after, frictional constraint limitations and coal plasticity
decelerate pillar strength increases beginning at a w/h of
about 6. The simulated pillar strength curve under strong roof
and floor compared favorably with measured peak strengths of
four failed pillars in two coal minesin southwestern Virginia
(figure 2) and isin general agreement with many existing coal
pillar design formulas at w/h < 5.

FEM hasal so been used to eval uate the effect of in-seam and
near-seam conditions, such as seam strength, rock partings, and
weak floor rock, on pillar strength [ Su and Hasenfus 1997]. On

a percentage basis, seam strength was found to have a
negligible effect on the peak strength for pillars at high w/h
ratios (figure 3). For practical coal pillar design, exact
determination of intact coa strengththusbecomesunnecessary;
for wide pillars, an average seam strength of 6.2 to 6.6 MPa
may suffice for most U.S. bituminous coal seams. Rock
partings within the coal seam, however, were found to have a
variable effect on pillar strength, depending on the parting
strength. A competent shale parting within the coal seam
reduces the effective pillar height, thus increasing the ultimate
pillar strength (figure4). Conversely, aweak claystone parting
slightly decreases pillar strength. In addition, weak floor rocks
may decrease the ultimate pillar strength by as much as 50%
compared to strong floor rock (figure 5). Field observations
confirm pillar strength reduction in the presence of weak floor
rocks.

Similar to CONSOL 'sstudies, an earlier numerical study by
the former U.S. Bureau of Mines employing afinite difference
modeling technique concluded that pillar strength was highly
dependent on the frictional characteristics of the coal-roof and
coal-floor interfaces [lannacchione 1990].
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FUTURE PILLAR DESIGN CONSIDERATIONS RELATED
TO SITE-SPECIFIC CONDITIONS

Because many coa pillar design formulas are empirical
relationships that were developed under limited conditions,
application of these formulas may be inappropriate when other
factors not specifically addressed in these relationships are
encountered. As demonstrated, pillar strength and therefore
entry stability are extremely sensitive to the in situ charac-
teristics of not only the coal, but also the adjacent and inclusive
rock that comprise the coa pillar system. Unfortunately, a
singlesite-specific empirical formulacannot accurately account
for the variations of featuresthat may significantly affect pillar
and entry stability within a single coafield or even a single
mine. Inaddition, it isneither practical nor efficient to develop
site-specific empirical formulasfor all variations of roof, floor,
and pillar characteristics that may occur within amine.

Over the past decade, the Analysis of Longwall Pillar
Stability (ALPS) approach to longwall pillar design has gained

wide acceptance for longwall pillar design analysis in U.S.
codfields [Mark and Chase 1993]. Although it has proven to
beapplicablefor usein many minesand mining regions, ALPS,
whichreliessolely ontheBieniawski formulafor pillar strength
calculation, doesnot alwaysaccurately represent pillar strength
at high w/h ratios. For example, for the prevailing strong roof
andfloor conditionsintheVirginiaPocahontasNo. 3 Coalfield,
ALPS significantly underestimates pillar strength (figure 6).
Conversely, under very weak, "soft" conditions, ALPS may
significantly overestimate pillar strength (figure 7). Although
recent versions of ALPS provide a Coa Mine Roof Rating
(CMRR) routinethat modifiesthe safety factor requirement and
better accommodates hard roof conditions, thisroutine doesnot
correct the inherent error in pillar strength calculation, which
may be important not only for entry stability and safety, but
also for subsidence planning and design.
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FUTURE PILLAR DESIGN CONSIDERATIONS RELATED TO ENTRY
STABILITY AND VENTILATION EFFICIENCY

The ultimate goal of a successful pillar design isto achieve
entry stability with optimum support. The classical pillar
design approach focuses on determining safety factors from
estimates of pillar strength and pillar load. Thisworkswell in
room-and-pillar operationswithout second mining and in main
entries not subject to abutment pressures. A successful
longwall gate road design, on the other hand, requires stable
headgate and tailgate entries under the influence of longwall
abutment pressures. Headgate or tailgate entry failures, such as
aroof fall, severe floor heave, or severe pillar spalling, may
pose serious safety hazards and may stop longwall mining for
days or weeks. Traditionally, headgate and tailgate stabilities
have been correlated with pillar sizes, and many ground control
researchershavefocused onthedesign of longwall chainpillars
for improving gate road stability. However, gate entry
performance is influenced by a number of geotechnical and
design factors, including pillar size, pillar loading, roof quality,
floor quality, horizontal stresses, entry width, and primary and
secondary supports [Mark and Chase 1993]. It sufficesto say
that pillar sizeisnot the only factor affecting longwall headgate
and tailgate stability. Therefore, strength of roof and floor
rocks, state of in situ horizontal stresses, entry width, and
support methodol ogy are other important factorsthat should be
included in any practicad longwall chain pillar design
methodology.

In the early 1990s, Mark and Chase [1993] used a back-
calculation approach to suggest an ALPS stability factor for
longwall pillars and gate entries based on a CMRR. The
importance of floor stability and secondary support could not be
determined from the data and were not included in the back-
calculation. Nevertheless, their effort pioneered pillar design
research that included roof rock strength and integrated pillar
and entry roof stability. Although the floor strength, roof
support, horizontal stresses, and entry width cantheoretically be
included in anumerica pillar design model, other issues, such
as gob formation, load transfer, material properties, and

geological variations, may make model formulation difficult.
It seems that a hybrid method of the back-calculation and
numerical approaches may provide a more effective and
versatile pillar design method in the future.

A more rigorous, yet practical pillar design methodology
could be developed by incorporating a site-specific pillar
strength formulaobtai ned from numerical modelsor alternative
field observationsinto the AL PS stability factor approach. As
an example, for strong roof and floor, the FEM-based pillar
strength curve, which incorporates site-specific roof and floor
strength, predictsastrength for an 80-ft-wide pillar that closely
emulates field results, but is nearly 40% higher than that
predicted by the Bieniawski formula (figure 6). In addition,
under very weak floor conditions, the Holland-Gaddy formula
may better represent pillar strength than the Bieniawski formula
(figure 7).

If such a combined approach is adopted, it could be done
either on an independent basis or perhaps even as a
modification to the overall ALPS design approach.
Nevertheless, it is apparent that pillar design methodology
could still benefit from a combination of empirical, analytical,
and numerical methods to formulate practical pillar design
based on site-specific roof, floor, and seam conditions.

An aspect of longwall gate road design that is often
overlookedisitsimpact onventilation. Specificaly, for eastern
U.S. coal minesthat employ only three or four gate road entries,
the ability to provide an effective internal bleeder systeminthe
tailgate behind the face can be quite important. Obviously,
effective ventilation area in the tailgate between two gobs is
influenced by roof and floor geology, entry width and height,
pillar load and pillar strength, and primary and secondary
support. Wherelongwall chain pillar designs must provide an
effectiveinternal bleeder system, ground control engineersmust
account for the aforementioned factorsin addition to pillar load
and pillar strength.

CONCLUSIONS

With the capability of modeling interface friction and
various boundary conditions, a finite-element code can be an
effective tool for site-specific evaluation of in situ coa pillar
strength that considers the complex failure mechanisms of
insitu coal pillars. The modeling technique can be most useful
for conditions where interface friction and roof and floor
deformation are the primary controlling factors. Nonlinear
pillar strength curvesrelate the increase of pillar strength to the
w/h ratio. Confinement generated by frictional effects at the
coal-rock interfaceis shown toincreasethe pillar strength more

rapidly at w/h ratios of about 3. The finite-element modeled
insitu pillar strength curve for strong roof and floor conditions
compares favorably with the measured peak strengths of five
failed pillarsin two southwestern Virginiacoal minesandisin
general agreement with many existing coa pillar design
formulas at w/h ratios of <5. However, for wide pillars,
modeling predictsahigher in situ coal pillar strength than most
accepted formulas. Conseguently, use of more conservative
empirical formulas may lead to the employment of un-
necessarily wide pillars or alower estimated safety factor.



162

However, to accurately assess pillar strength, a model or
formula should account not only for the characteristics of the
coal, but also for those of the surrounding strata. Although
seam strength isobserved to have some effect on pillar strength,
itssignificanceis often overrated. In fact, for coal pillarswith
large w/h ratios, ultimate pillar strength is more dependent on
end constraints than on seam strength. This reduces the
significance of laboratory coal compressive strength deter-
mination for such conditions. For practical purposes, auniform
seam strength averaging about 6.2 to 6.6 MPais adequate for
most U.S. bituminous coal seams when employing finite-
element models to simulate pillars with high w/h ratios.

The finite-element model results presented are not intended
to suggest new pillar design relationshipswith w/hratios. The
primary objective of this paper isto emphasize the site-specific
nature of coal pillar design and the value of using modeling
procedures to account for such site-specific conditions.
Understanding the site-specific parameters is an important
ingredient for successful coa pillar design. Due to the
variability of insitu properties, no currently availableempirical,

analytical, or numerical pillar designformulaisapplicableinall
cases. Utilization or imposition of pillar design formulas that
do not, or cannot, account for site-specific variations in roof,
floor, and parting conditions may lead to incorrect assessments
of pillar strength, whether high or low, and incorrect estimates
of pillar design safety factors. Empirical, anaytical, or
numerical design procedures should be validated by site-
specific measurements or observational field studieswhenever
possible.

For longwall mining, pillar design is not the only factor
affecting headgate and tailgate stability and ventilation
efficiency. Strength of roof and floor rocks, state of in situ
stresses, entry width, and support methodology are other
important factors affecting longwall gate road stability and
should be considered in practical longwall chain pillar design.
Certainly, more work remains before the century-old problems
related to pillar design are finally solved. Future pillar design
methodology could benefit from a cross-linkage of empirical,
analytical, and numerical pillar design methods.
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NEW STRENGTH FORMULA FOR COAL PILLARS IN SOUTH AFRICA

By J. Nielen van der Merwe, Ph.D.*

ABSTRACT

For thelast 3decades, coa pillarsinthe Republic of South Africahave been designed using thewell-known
strength formula of Salamon and Munro that was empirically derived after the Coalbrook disaster. The
database was recently updated with the addition of failures that occurred after the initial analysis and the
omission of failures that occurred in a known anomalous area. An aternative method of analysis was used
to refine the constants in the formula. The outcome was a new formulathat shows that the larger width-to-
height ratio coa pillars are significantly stronger than previously believed, even though the materia itself is
represented by a reduced constant in the new formula. The formula predicts lower strength for the smaller
pillars, explaining the failure of small pillars that were previously believed to have had high safety factors.
Application of the new formula will result in improved coal reserve utilization for deeper workings and
enhanced stability of shallow workings.

M anaging director, Itasca Africa (Pty.) Ltd., Johannesburg, Republic of South Africa
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INTRODUCTION

The Coalbrook disaster in January 1960, inwhich morethan
400 men lost their lives when the minge's pillars collapsed, led
to a concerted research effort that eventually resulted in the
creation of two formulas for the prediction of coal pillar
strength: the power formulaof Salamon and Munro[1967] and
the linear equation of Bieniawski [1968]. The Bieniawski
formulawas based on in situ tests of large coal specimens; the
Salamon-Munro formula, on astatistical analysis of failed and
stable pillar cases. The South African mining industry adopted
the Salamon-Munro formula, even though the differences
between the two formulas were not significant for the range of
pillar sizes that were mined at the time.

It is characteristic of the Salamon-Munro formula that the
strength increases at a lower rate as the width-to-height (w/h)
ratios of thepillarsincrease. Later, thiswasrectified by the so-
called squat pillar formula refined by Madden [1991]. This
formulais valid for w/h ratios >5 and is characterized by an
accelerating strength increase with increasing w/h ratios.

An intriguing aspect of the Salamon-Munro formulais the
relatively high value of the constant in the formula that
represents the strength of the coal material—7.2 MPa. This
compares with the 4.3 MPa used in the Bieniawski formula.
The question has always been why the statistical back-analysis
yielded a higher value than the direct underground tests. An
attempt by van der Merwe [1993] to explain the significantly
higher rate of pillar collapse in the Vaa Basin yielded a
constant for that area of 4.5 MPa, more similar to Bieniawski
than to Salamon and Munro, but not directly comparable
because it was valid for a defined geological district only.

In the process of analyzing coa pillar failures for other
purposes, an aternative method of analysis was used that
resulted in a formula that is 12.5% more effective in
distinguishing between failed and stable pillarsin the database.
This paper describes the method of analysis and the results
obtained.

REQUIREMENTS OF A SAFETY FACTOR FORMULA

A safety factor formula should satisfy two main require-
ments: (1) it should successfully distinguish betweenfailed and
stable pillars and (2) it should provide the means whereby
relative stability can be judged. The third requirement,
simplicity, has become lessimportant with the widespread use
of computers, but is still desirable.

Thesefundamental requirementsareconceptually illustrated
in figure 1. Figure 1A shows the frequency distributions of
safety factors of the populations of failed and stable pillars,

respectively. The area of overlap between the popul ations can
be seen as ameasure of the success of the formula; the perfect
formula will result in complete separation of the two
populations. Figure 1B isanormalized cumulative frequency
distribution of the safety factors of the failed cases plotted
against safety factors. At asafety factor of 1.0, one-half of the
pillars should havefailed, or the midpoint of the distribution of
failed pillars should coincide with a safety factor of 1.0.
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Figure 1.—Concept of the measure of success of a safety factor formula. A, The overlap area between the failed and stable cases
should be a minimum. B, At a safety factor of 1.0, one-half of the pillars should have failed.
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EXISTING FORMULAS IN SOUTH AFRICA

The safety factor isaratio between pillar strength and pillar
load. Initssimplest form, theload is assumed to be the weight
of therock column overlying the pillar and the road around the
pillar, i.e., the tributary area theory is normally used. Thisis
widely held to be a conservative, and thus safe, assumption.
However, it hasat east one complication whenthisload isused
to derive a safety factor empirically: if the load used to
determinepillar strength isgreater than the actual load, thenthe
strength derived will also be greater than the actua pillar
strength. If an alternative method isthen used later to calculate
pillar load, such as numerical modeling, and the strength is not
modified, then the calculated safety factor will be greater than
thereal safety factor.

For purposes of this paper, the tributary arealoading theory
is used, and the restriction must then be added that the derived
strengthisonly valid for situationswherethetributary areaload
isused. Thisisnot aunique restriction; even if not explicitly
stated, it is also valid for any other empirical safety factor
formula for which the tributary area loading assumption was
used, such as the Salamon-Munro formula

It then remains to determine a satisfactory formula for the
calculation of pillar strength. The strength of a pillar is a
function of the pillar dimensions, namely, width and height for
asquare pillar, and a constant that is related to the strength of
the pillar material. According to Salamon and Munro [1967],
the strength is

F " kw'h®, (1)
where  h * pillar height,
w " pillar width,
and k " constant related to material strength.

Theparametersk, '*, and $ areinterdependent. Salamon and
Munro [1967] used the established greatest likelihood method
to determine their values simultaneously and found:

k * 7.2MPa,
" 0.46,
and $ " &0.66.
The linear formula of Bieniawski [1968] is

F * 4.3(0.64 % 0.36 w/h). o)

With the addition of new data on failures after 1966 to the
Salamon and Munro database, Madden and Hardman [1992]
found:

k * 524MPg

" 0.63

and $ " &0.78.

These new values, however, did not result in sufficiently

significant changesto safety factorstowarrant changing theold

formula, and they were not used by the industry. Note,

however, theincreasesin values of ** and $ and reduction of k.
According to Madden [1991], the squat pillar formula, valid

only for pillarswithaw/h > 5, is

RO
F'kO{E R

g
&1

valg

%1}, 3)

0

where R " pillar w/hratio,

pillar w/h ratio at which formula begins to be
valid " 5.0,

R, ©

and V " pillar volume.

Substituting k * 7.2 MPa, a ® 0.0667, b " 0.5933, R, * 5.0,
and g " 2.5 results in a somewhat simplified form of the
formulathat is sometimes used:

" v.viuu 25
F T {R*°% 181.6} )

For quick cal culations, equation 4 can be approximated with
negligible error by

W 2.366

h 2.5667

F " 0.0786

%9. (5)
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ALTERNATIVE METHOD OF ANALYSIS

Although ", $, and k are interdependent, they can be
separated for purposes of analysis. It was found that changing
" and $ affected the overlap area of the populations of failed
and stablepillars. Modifying k doesnot affect thisrelationship;
it causes an equal shift toward higher or lower safety factorsin
both populations. Therefore, ** and $ can be modified
independently to minimize the overlap area between the two
populations; once that is done, k can be adjusted to shift the
midpoint of the population of failed pillars to a safety factor
of 1.0.

DETERMINATION OF ** AND $

The data bank for failed pillars for the analysis described
here was that quoted by Madden and Hardman [1992], which
was the origina Salamon and Munro data. The post-1966
failures were added to the data, and the three Vaal Basin
failureswereremoved becausetheVaal Basin should betreated
as a separate group (see van der Merwe [1993]). (Note that a
subsequent back-analysisindicated that the changesto the data
bank did not meaningfully affect the outcome.)

For the first round of analysis, ** and $ were both varied
between 0.3 and 1.2 with increments of 0.1. Safety factors
were calculated for each case of failed and stable pillars. For
each of the 100 sets of results, the area of overlap between the
populations of failed and stable pillar populations was
calculated. A standard procedurewas used for this, taken from
Harr [1987]. Thisinvolved thesimplifying assumption that the
distributionswere both normal, but becauseit wasonly used for
comparative purposes, theassumptionisvalid. Usingthe same
procedure, the overlap area for the Salamon-Munro formula
was also calculated. Thiswas used asthe basisfrom which an
improvement factor was calculated for each of the new data
sets.

The safety factor, S, was

« Strength
S .
Load ©)

The tributary areatheory was used to calculate the load:

Load " DgH(w % B)? ’ @
W2
where  H " mining depth,
w " pillar width,
and B " bordwidth.

Then, the strength was varied, asfollows:

. w"
Strength 7.2F, (8)
where w " pillar width,
h = pillar height,

" 0.3to 1.2 with 0.1 increments,

and $ " 0.3tol1.2with0.1increments.

Equations 6 through 9 were applied to each of the cases of
failed and stable populations, thus creating 100 sets of
populations of safety factors of failed and stable cases. For
each set, a comparative improvement factor was calcul ated.
Thefirst step wasto calculate "f" for each of the 100 sets:

VI & VI

i 9
JSZws? ©

where M, " mean safety factor of the population of stable
pillars,
M; " mean safety factor of the population of failed

pillars,

S, " standard deviation of the safety factors of the

stable pillars,
and § " standard deviation of the safety factors of the
failed pillars.
Then,
2
R 0.5&% (2B)05 exp[ %] (10)

and the overlap area between the two populationsis
A"05&R. (12)

Finally, the improvement factor, I, for each setis

: (12)



where A, " overlap areawith the original Salamon-Munro
formula,
and A, " overlapareawiththe new formula

It was then possible to construct contours of the
improvement factors for variations of ** and $ (figure 2).
Figure 2 shows that the greatest improvement was for "
between 0.7 and 0.8 and for $ between 0.75 and 0.85. Fine
tuning was then done by repeating the procedure with
incrementsof 0.01 for ** from 0.7 to 0.8 and for $ between 0.75
and 0.85. The resulting contours are shown in figure 3.

On the basis of the contours of improvement factors in
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DETERMINATION OF "k"

Thelast step was to determine k for the new exponents of **
and $. Thiswasdone by adjusting k so that the midpoint of the
population of failed pillars coincided with asafety factor of 1.0.
It was found that a value of k * 4.0 MPa satisfied this
condition; thisis shown in figure 4.

FINAL NEW FORMULA

The full new formula for pillar strength in the Republic of
South Africaisthen asfollows:

figure 3, it was concluded that for ** * 0.81 and $ " 0.76, the Strength * 4 w e ®)
improvement in efficiency of the formula to distinguish h076
between failed and stable pillar casesis 12.5%.
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COMPARISON OF THE DIFFERENT FORMULAS

Again using the accepted Salamon-Munro formula as a
basis, the formulas of Bieniawski [1968] and Madden and
Hardman [1992] were al so compared for relative changesinthe
overlap areaof failed and stable pillar populations. The method
used was the one described in the previous section. The
relevant strength formulas were used in turn for the calculation
of safety factors, and the overlap areas were calculated and
compared with the original Salamon-Munro formula. The
results are summarized below.

The table shows that the Bieniawski [1968] formula was
only dlightly less efficient than the Salamon-Munro formula;
Madden and Hardman [1992] was dlightly more efficient,

athough the decision not to implement the latter was probably
correct becausetheimprovementissmall. Theformuladerived
in this paper, referred to in the table above as the "new
formula,” is, however, 12.5% more efficient, which is
considered significant.

Improvement
Strength formula factor, %
Bieniawski [1968] ........... &1.5
Madden and Hardman [1992] .. % 2.3
New formula ............... %12.5

DISCUSSION AND IMPLICATIONS FOR THE INDUSTRY

The new formula yields higher values of safety factors for
most pillarsthan either of the formulas proposed previously for
South African coals. The exceptions are the small pillars,
such as those typically found at shallow depth. The new
formulaismore successful in explaining the"anomalous' pillar
collapses of small pillars at shallow depth.

Figure 5 compares pillar strengths obtained with the various
formulasfor different w/h ratios of the pillars. Notethat dueto
the different exponents of width and height, the relationships
are ambiguous (except for the linear formula of Bieniawski
[1968] and the Mark-Bieniawski formula described by Mark
and Chase[1997]). For purposes of this comparison, the pillar
heights were fixed at 3 m and the widths adjusted to obtain the
different ratios.

An important feature of the comparison is the close
correlation between the Mark-Bieniawski formulaand the new
formula. They were derived independently using different
databases in different countries. Both predict stronger pillars
for the same dimensions as the other formulas. The new

formula only deviates meaningfully from Mark-Bieniawski in
the lower range of the w/h ratio, where it predicts weaker
pillars. This is in accordance with observations where the
failure of small pillars was previously regarded as anomalous.

The major implication for the coal mining industry is that
higher coal extraction can be obtained without sacrificing
stability. In effect, thisis nothing more than a correction of the
overdesign that has been implemented over the past decades.
Figure 6 shows examples of the benefits with regard to the
percentage extraction. The greater the depth and the higher the
required safety factor, the greater the benefit.

Asthe new formula deal s with underground pillar stability,
it is inherently linked to the safety of underground mine
personnel. Inparticular, it will enhancethe stability of shallow
workings, which has hitherto been a shortcoming of the
Salamon-Munro formula. For deeper workings and for cases
where surface structures are undermined, the new formulawill
enable minesto extract more coal without sacrificing stability.
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THE ROLE OF OVERBURDEN INTEGRITY IN PILLAR FAILURE

By J. Nielen van der Merwe, Ph.D.*

ABSTRACT

The move toward partial pillar extraction versus full pillar extraction has necessitated a new approach to
underground section stability. When pillars are mined too small to support the weight of the overburden, they
will, insome cases, remain stablefor aconsiderabl e period; in other cases, they will coll apse unexpectedly and
violently. Thereisno discernable difference between the pillar safety factors of the failed and stable cases.
The explanation liesin the characteristics of the overburden layers.

A method is proposed that recognizes the overburden characteristics in the evaluation of stability. Two
stability factors are calculated: one for the pillars, the other for the overburden. Using this method, it is
possible to make use of the bridging capabilities of overburden layersto prevent pillar collapse. Itispossible
toscientifically design partial pillar extraction layoutsthat will besafe. Using energy considerations, itisalso
possible to prevent violent failure of pillars.

M anaging director, Itasca Africa (Pty.) Ltd., Johannesburg, Republic of South Africa.
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INTRODUCTION

In order for underground coal pillarsto fail completely, two
requirements must be met: (1) the pillars themselves must be
loaded to beyond their load-bearing capacity, and (2) the
overburden must deflect sufficiently to totally deform the pil-
lars. Inthe consideration of pillar failure, the first requirement
historically has received almost al of the attention; only scant
mention is sometimes made of the role of the overburden.

Until recently, this has not been necessary. South African
mining methods, longwalling apart, were either bord-and-pillar
or pillar extraction methods with a number of variations. For
bord-and-pillar, the pillars are sufficiently large to support the
full weight of the overburden and the stiffness of the over-
burden isabonus, merely decreasing the load on the pillars. In
pillar extraction, the overburden usually fails completely, al-
though there are situations where it is prone to be self-sup-
porting for large enough distancestoresultin overloaded pillars
and the well-known and understood negative consequences
thereof.

Lately, however, there has been amove toward partia pillar
extraction with a number of different names attached to the
methods, like pillar robbing, pillar splitting, checkerboard
extraction, etc. These methods all have in common the partial
extraction of pillars, leaving self-supporting snooks (stubs) in
the back area. They are usually larger than the onesleft in nor-
mal stooping operations. These snooksare often stablefor long

periods of time, even though their strengths are less than that
required to support thefull overburden. Thisinturn createsthe
impression that the pillarsare much stronger than the prediction
made with the strength formula.

Therehaveal so been occasionswherethe snooksfailed after
a period of time. The author has been involved in investiga-
tions into two of these. In both instances, the lack of serious
accidents can only be ascribed to luck, both having occurred in
the off-shift. In one case, ventilation stoppings were destroyed
for a distance of severa kilometers; in the other, the collapse
overran unmined pillars and resulted in severe roof falls up to
six lines of pillars beyond the end of the split pillars.

The difference between the cases that failed and those that
remained stableisnot to befound in the strengths of the pillars.
The range of safety factors was from 0.5 to 0.7, and the stable
oneswere not the oneswith the higher safety factors. Thepillar
safety factor alone does not explain stability in these marginal
cases. Therewere, however, significant differencesintheover-
burden composition and stability. The investigation indicated
that in the stable cases, the overburden was strong enough to
bridge the panels; in the failed cases, the overburdens failed.
This resulted in the development of a concept that takes into
account the overburden stability aswell aspillar stability. This
concept will be explained in this paper.

EFFECTS OF MINING ON THE OVERBURDEN

Mining results in increased loads on the unmined pillars.
This causesthe pillarsto compress; the amount of compression
isafunction of the additional load on the pillars and the pillar's
modulus of elasticity. The pillar compressionistranslated into
deflection for the overburden. The higher the pillar loads, the
greater the compression and the more the overburden will de-
flect. Inthe most simplistic view, coal mine overburdens can
beregarded asaseriesof platesthat can be conveniently simpli-
fied further to a series of beams in the general case where the
panel lengths are several times greater than the panel widths.

The beam deflection results in induced tensile stress in the
upper beam edges and the bottom center of the beam. The most
simplistic view, adopted here as the starting point for the de-
velopment of amore accurate model, is that the beam will fail
when the induced tension exceeds the sum of the virgin hor-
izontal stress and the tensile strength of the beam material.

However, it iswell known that the overburden, consisting pre-
dominantly of sedimentary rock types often supplemented by a
dolerite sill, is vertically jointed and therefore the tensile
strength of the material can beignored. Failurewill thusoccur
when the induced tensile stress exceeds the virgin horizontal
compressive stress.

The amount of deflection of any individual beam in the
overburden is enhanced by the weight of the material on top of
it and restricted by the resistance of the pillars underneath.
There are no major differencesin the moduli of the overburden
rocks, dolerite sills apart, and the differential amounts of
bending become afunction of the thicknesses of the beams. In
considering overburden stability, the identification of thick
lithological units therefore is more important than the ratio of
mining depth to panel width.
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MATHEMATICAL RELATIONSHIP BETWEEN PILLAR LOAD
AND OVERBURDEN DEFLECTION

Thelink between overburden deflectionand pillar load isthe
pillar compression. The pillar cannot compress by a greater
amount than the overburden deflection and vice versa. The
maximum pillar deflection, )h, is

h* )?E h, )
where h " pillar height,
J)F ° loadincrease caused by mining,
and E. " modulusof elasticity of coal.

The aboveisvalid for the situation where the overburdenis
sufficiently soft not to restrict the compression of the pillars.
Thereisgenera consensusthat themodulusof elasticity of coal
is around 4 GPa. However, the postfailure modulus is a

function of the pillar shape. According to datasupplied by van
Heerden [1975], the postfailure modulus, E, appears to be?

0.562w

Ey " 82.293. @)

Assuming tributary area loading conditions, the load in-
crease on the pillars due to mining is

)Fp'(H(%e&l), 3)

where H * mining depth,

e " ared extractionratio,

and ( - Dg

RELATIONSHIP BETWEEN PILLAR DEFLECTION AND INDUCED TENSION
IN OVERBURDEN BEAM

The generic equation for beam deflection is

0" G 43 \ 4
32Et
where L " panel width,
E, ° modulusof elasticity of the rock layer,
t " thickness of the rock layer,
and ( " unitload ontherock layer.

The generic expression for the maximum generated tensile
stressis

LZ
F (r .
2t?

Q)

By substituting O by ) h, thetension induced by bending can
also be expressed in terms of the deflection, as follows:

_ 16DhE,
F, -
L

(6)

This is the tensile stress that will be generated in the
overburden beamif therestriction to deflectionistheresistance
offered by the pillars underneath. It is aso the upper limit of
the generated tension because the resistance offered by the pil-
larswill not alow further deflection. However, the overburden
has inherent stiffness that will also restrict deflection. The
maximum deflection that an unsupported beam will undergois
indicated by equation 4.

If O from equation 4 is greater than )h from equation 1, it
meansthat the overburden is dependent on the pillarsto restrict
deflection and that the tensile stress generated in the beam is
that found with equation 6. If )h is greater than O, it means
that the beam is sufficiently stiff to control its own deflection
and that the tension generated in the beam is that found with
equation 5.

2a uthor's own linear fit to van Heerden's data.
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OVERBURDEN FAILURE

The overburden beams will fail if the induced tension
exceeds the virgin horizontal compression; this is con-
veniently expressed in terms of the vertical stress as

Fo ™ KRy, )
or
Fy " KCHN, (8)

where HN is the depth at which the rock layer under con-
sideration is located, not the depth of mining.
Next, define the overburden stability ratio (OSR) as

PILLAR STABILITY

Pillar stability is evaluated by comparing pillar strength to
pillar load; thus:

SF - Strength
Load

(10)

Thepillar loadisconservatively estimated fromthetributary
arealoading assumption as follows:

OSR " i
- 9)

Ft

« DgH
Load Tio" (11)

and the strength for South African pillars is [van der Merwe
1999]:

w 0.81

Strength = 4 o7 (12)

OVERALL STABILITY EVALUATION

To evaluate the overall stability of a coal mine pandl, it is
necessary to consider both the overburden and the pillar
stability. This can be done by viewing the two stability
parameters—the pillar safety factor (PSF) and the overburden
stability ratio (OSR)—separately, or better, by plotting the two
onto aplane. The concept isillustrated in figure 1.

The quadrantsin figure 1 have different meaningsfor the sta-
bility evaluation. In quadrant I, both the overburden and the pil-
larsare stable. Thisistheideal situation for main development.

In quadrant I, the overburden is stable, although the pillars
are unableto support the full weight of the overburden. Thisis
potentially the most dangerous situation because there could be
afalseimpression of stability when the OSR is not much great-
er than 1.0. The pillars will be stable for as long as the over-
burden remains intact; however, the moment that the over-
burden fails, the pillars will aso fail. Thismay occur because
of time-related strength decay of the stressed overburden or
when mining progresses into an area with an unfavorably
oriented unseen joint set intheoverburden. Thecloser the OSR
isto 1.0, the more dangerous the situation.

Quadrant Il indicates asituation where both the pillars and
the overburden will fail. Thisisagaintheideal situation for the
snooks in pillar extraction. One wants both to fail in this
situation.

Quadrant 1V indicates that the pillars are able to support the
overburden, even though the overburden may fail. Thisisalso
asafe situation, although gradual failure may occur over along
period as the pillars lose strength.

v I
OSR
0 1
11 I1
0
PSF

Figure 1.—Plot of OSR and PSF. Values of <1.0
for either indicate imminent instability.
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PRACTICAL EXAMPLE

Thefollowing practical exampleisprovided to indicate how
the OSR/PSF procedure is applied in practice.

The mining depth is 143 m. The overburden consists of
aternating layers of sandstones and shales. From the surface
down, their thicknessesareasfollows: 10, 5, 10, 20, 10, 50, 10,
10, 5, and 10 m. The mining height is3 m; pillarsareinitially
18 mwide, and theroadsare 6 mwide. Thek-ratiois2.0. The
PSF isthen 2.7, shown as point A in figure 2.

Pillars are then split by a 6-m-wide cut through the center,
leaving remnants of 18 by 6 m, with an equivaent width (see
Wagner [1980]) of 8 m. One line of pillars is left intact on
either side of the panel, resulting in a width over which the
pillars are split of 102 m. The PSF now decreasesto 0.8. The
OSR iscalculated for each of the stratalayersindividually (see
resultsin table 1).

It is seen from table 1 that because the pillars are beyond
their failure limit, the overburden behavior is governed by the
beam characteristics. Except for unit 6, al of the unitswill fail.
Unit 6, however, is close to not failing and will probably be
self-supporting for ashort while. Thiscombination of OSR and
PSF isindicated by point B in figure 2.

During the time when they have not yet failed, it is probable
that the pillars will have a stable visua appearance. Load
cannot be seen. One's perception of pillar loadisdetermined by
the observed effects that accompany pillar compression, like
dabbing. Inthiscase, the pillar compressionwill bethe greater
of the deflection of unit 6 or the compression caused by the
weight of the rock layers underneath unit 6. The deflection of
unit 6 is 4 mm, and the compression of the pillars due to the
weight of the strata underneath unit 6 islessthan 2 mm. With
the4-mm compression of thepillars, thestrainis0.0013, which
corresponds to a pillar load of 5.3 MPa. The strength of the
snook is 8.4 MPg; the apparent safety factor is 1.6, and it will
have the visual appearance of a stable pillar. However, the
situation will change dramatically as soon as the overburden
fails. At that moment, the pillars will be loaded by the full
overburden weight. The safety factor will immediately de-
creaseto 0.8.

Table 1.—OSR for the different strata layers
with split pillars, panel width of 102 m

Unit No. Thickness, m 0 dh OSR
1......... 10 0.028 31.5 0.038
2 5 0.564 31.5 0.01
3. 10 0.113 31.5 0.038
4 ... ... 20 0.025 31.5 0.154
5. ... 10 0.282 31.5 0.038
6 ......... 50 0.004 31.5 0.961
T o 10 0.62 31.5 0.038
8 ......... 10 0.677 31.5 0.038
9 ... 5 5.75 31.5 0.01

10 ........ 10 0.761 31.5 0.038

*
A
v I
OSR

* * *
D B C

11 1I

PSF

Figure 2.—OSR/PSF plot of the different options
discussed in the example.

MODE OF FAILURE

Energy considerations indicate that failure will be violent
if the stiffness of the pillars is less than that of the loading
mechanism, which is the overburden. When the overburden
fails, it loses continuity and, consequently, all stiffnessaswell.
The stiffness of the loading mechanism isthen 0. Therefore,
the only way inwhich failure can be nonviolent in the situation
where the overburden failsis where the pillars have a positive
postfailure modulus. According to equation 2, this happens
when thewidth-to-height (w/h) ratio of thepillarsexceeds4.08.

The w/h ratio of the pillars in this case is only 2.3;
consequently, the failure will be violent, similar to what has
been experienced on morethan one occasion. Thisissimilar to
a conclusion reached by Chase et a. [1994], who analyzed
pillar failures in the United States and found that massive
collapses occurred where the w/h ratios of the pillars were less
than 3. They aso concluded that those collapses occurred
where the overburden was able to bridge the excavation for a
considerabl e distance before failure occurred.

The postfailure stiffness of coal with increasing w/h ratio of
the pillars increases approximately linearly. Thereis thus no
sudden distinction between what could betermed "violent" and
"nonviolent" failure; rather, the relative degree of violence
decreases with increasing w/h. It is suggested that the degree
of violence beindicated by an index based on the magnitude of
the postfailure stiffness of the coal, E;. It could be defined as
follows:

- ch
" 1&—2 (13)
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With the limited information at hand, mainly that of Chase
et al. [1994], it appears that if |, > 1.15, the faillure may result
in a dangerous situation. This obviously also depends on the
areainvolved.

By substituting equation 2 into equation 13, the relative
degree of violence may be expressed in terms of the w/h ratio
asfollows:

l, " 1.57 & 0.14w/h (14)

CONTROL MEASURES

There are a number of ways in which pillar splitting
situations can be controlled using the OSR/PSF. Oneisto limit
the width over which the pillars are split. For instance, if the
width in the exampleis limited to 78 m (i.e., by splitting only
three lines of pillars), the OSR of unit 6 increases to 1.6 and

thereisamuch higher probability that the unit will remainto be
self-supporting, if only for alonger time. Note that when this
is done, the PSF is not affected; it remains at a value of 0.8.
This situation is indicated by point C in figure 2. This
corresponds to other situations that have been observed, i.e.,
where split pillars with low apparent safety factors remain
stable for considerable periods of time.

A second aternativeisto do full extraction of every second
pillar on a checkerboard pattern, leaving the alternating pillars
intact. When thisis done, the PSF decreasesto 0.7. The OSR
of the strongest unit, No. 6,is0.3, indicating failure of the over-
burden. Thisis shown as point D in figure 2. However, the
wr/h ratio of the pillarsis 6.0, which means that the pillars will
not fail violently. Theattraction of thisoptionisthat 50% of all
of the coal contained in pillarsis extracted, as opposed to 17%
using the method in the previous paragraph.

INFLUENCE OF GEOLOGY

A cautionary note must be expressed at this point. The
process of pillar failure for low safety factor pillarsis driven by
the overburden characterigtics. It isthus very important to have
detailed knowledge of the overburden composition. For instance,
if the thickness of unit 6 in the exampleis 40 m instead of 50 m,
then the control measure to restrict the number of pillars to be
split to 78 m will not be effective; the OSR in that case will be
1.0, which places it back into the category with the highest
uncertainty. Theexamplein the previoussectionisnothing more
than an exampleto illustrate the application of the method: it is
not to be viewed as aguideline for pand widths, etc.

The full application of the method will require the es-
tablishment of guidelinesfor limit values of OSR and PSF. It
seems reasonable to assume that there will be an area in the
center of the plot shown in figure 1 that is to be avoided—the
area of highest uncertainty, where the values of OSR and PSF
arecloseto 1.0. Those limits need to be established; the best
way of doing that will probably be through back-analysis in
areas where there are examples of failed and stable cases for
different periods of time.

CONCLUSIONS

* For underground workingsto collapse, both thepillarsand
the overburden must fail. Themodel described here, smplified
as it is, offers a method to evaluate the stability of pillar
workingswith low pillar safety factors by adding an evaluation
of overburden stability to the evaluation of pillar stability.

» BEven if the pillars are not strong enough to support the
overburden, it is possible to prevent collapse by limiting the
panel width, thereby allowing the overburden to be self-
supporting.

 Refinement of the model will enable the scientific design
of aternatives to full pillar extraction, avoiding the situation

where apparent stability caused by temporary bridging of the
overburden leads to a false sense of security, only to be
followed by catastrophic collapse.

» Quantification of the energy considerations can be done,
leading to a design that will result in nonviolent failure of
pillars.

 These conclusions are broadly similar to those reached by
Chaseet a.[1994]. Themaindifferenceisthat thiswork offers
a simple method of classifying the likelihood of failure
occurring and the mode of failure should it occur.
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USING A POSTFAILURE STABILITY CRITERION IN PILLAR DESIGN

By R. Karl Zipf, Jr., Ph.D.*

ABSTRACT

Useof Salamon'sstability criterionin underground minedesign can prevent the occurrence of catastrophic domino-type pillar
failure. Evaluating the criterion requires computation of the local mine stiffness and knowledge of the postfailure behavior of
pillars. This paper summarizes the status of the practical use of this important criterion and suggests important research to
improve our capabilities.

Analytical and numerical methods are used to compute the local mine stiffness. Work to date in computing local mine
stiffnessreliesmainly on elastic continuum models. Further work might investigate local mine stiffnessin adiscontinuous rock
mass using alternative numerical methods.

Existing postfailure datafor coal pillars are summarized, and a simple relationship for determining the postfailure modulus
and stiffnessof coal pillarsisproposed. Littleactual postfailuredatafor noncoal pillarsareavailable; however, numerical models
can provide an estimate of postfailure stiffness. Important factors controlling postfailure stiffness of rock pillars include the
postfailure modulus of the material, end conditions, and width-to-height ratio.

Studies show that the nature of the failure process after strength is exceeded can be predicted with numerical models using
Salamon's stability criterion; therefore, a method exists to decrease the risk of this type of catastrophic failure. However, the
general lack of good dataon the postfailure behavior of actual minepillarsisamajor obstacle. Additional back-analysesof failed
and stable case histories in conjunction with laboratory testing and numerical modeling are essential to improve our ability to
apply the stability criterion.

*Assistant professor, Department of Mining Engineering, University of Missouri-Rolla.
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INTRODUCTION

As first noted by Cook and Hojem [1966], whether a test
specimen in the laboratory explodes violently or crushes
benignly depends on the stiffness of the testing system relative
to the postfailure stiffness of the specimen. Full-scalepillarsin
mines behave similarly. Salamon [1970] developed the local
mine stiffness stability criterion, which formalizes mathe-
atically laboratory and field observations of pillar behavior in
the postfailure condition. Although we understand the
principles well, little is known by direct observation or back-
cal culation about the postfail ure behavior of actual minepillars.

The loca mine stiffness stability criterion governs the
mechanics of cascading pillar failure (CPF) [Swanson and
Boler 1995], also known as progressive pillar failure, massive
roof collapse, domino-type pillar failure, or pillar run. In this
type of failure, when one pillar collapses, the load it carries
transfers rapidly to its neighbors, causing them to fail and so
forth. Thisfailure mechanism can lead to the rapid collapse of
very large mine areas. In mild cases, only afew tens of pillars
fail; in extreme cases, hundreds, even thousands of pillars can
fail.

Recent work by Chase et a. [1994] and by Zipf and Mark
[1997] document 13 case histories of thisfailure mechanismin
coal minesand 6 case historiesin metal/nonmetal mineswithin
the United States. Further work by Zipf [in press] hasanalyzed
additional examples of this failure mechanism in the
catastrophic collapse of web pillars in highwall mining
operations. Reports by Swanson and Boler [1995], Ferriter
et a. [1996], and Zipf and Swanson [in press] document the
events and present analyses of the partial collapse at a trona
mine in southwestern Wyoming, where one of the largest
examples of this failure mechanism occurred.

Numerous instances of CPF have occurred in other parts of
theworld. The most infamous caseisthe Coalbrook disaster in
the Republic of South Africa in which 437 miners perished
when 2 km? of the mine collapsed within a few minutes on
January 21, 1960 [Bryan et al. 1966]. Other instancesoccurred

recently at a coal mine in Russia and a large potash mine in
Germany.

These collapses draw public interest for two reasons. First
and foremost, a collapse presents an extreme safety hazard to
miners. Obvioudy, the collapse area itself is the greatest
hazard, but the collapse usually induces a devastating airblast
due to displacement of air from the collapse area. An airblast
can totally disrupt a mine's ventilation system by destroying
ventilation stoppings, seals, and fan housings. Flying debris
can serioudly injure or kill mining personnel. The failure
usually fractures a large volume of rock in the pillars and
immediate roof and floor. In coal and certain other mines, this
sudden rock fragmentation can release asubstantial quantity of
methane into the mine atmosphere that could result in an
explosion.

Secondly, large mine collapses emit substantial seismic
energy indicative of an implosional failure mechanism. For
example, the seismic event associated with the collapse in
southwestern Wyoming had alocal magnitude of 5.3 [ Swanson
and Boler 1995]. Strong seismic signals of this type receive
scrutiny from the international community because of U.S.
obligationsunder the Comprehensive Test Ban Treaty (CTBT).
Large collapses may initiate questions from the Federal
Government and could result in further questions from other
nations participating in the CTBT [Casey 1998; Heuze 1996].

The pillar failure mechanism considered in this paper (CPF
or domino-type pillar failure) should not be confused with coal
mine bumps and rock bursts, although both failure types are
frequently associated with large seismic energy releases.
Although the damage can seem similar, the underlying
mechanics are completely different. The mechanism of pillar
collapse largely depends on vertical stress and the postfailure
properties of pillars. The mechanism for coa mine bumps and
rock bursts is more complex. In these events, larger failures
(seismic events) in the surrounding rock mass induce severe
damage in susceptible mine workings.

LOCAL MINE STIFFNESS STABILITY CRITERION

When the applied stress on a pillar equals its strength, then
the "safety factor" defined as the ratio strength over stress
equals 1. Beyond peak strength when the strength criterion is
exceeded, thepillar entersthe postfailureregime, and thefailure
processiseither stableor unstable. Inthispaper, stability refers

to the nature of the failure process after pillar strength is
exceeded. Based on the analogy between laboratory test
specimens and mine pillars, Salamon [1970] developed a
criterion to predict stable or unstable failure of mine pillars.
Figure 1 illustrates this well-known criterion.



Stable, nonviolent failure occurs when
K sl > [Kel
and unstable, violent failure occurs when
K sl < K],
where|K, sl istheabsolutevalue of thelocal minestiffnessand
|K;| isthe absolute value of the postfailure stiffnessat any point
along the load convergence curve for apillar. Aslong asthis
criterion is satisfied, CPF (domino-type pillar failure) cannot

occur; however, when the criterion is violated, then unstable
failureis possible.
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Salamon's local mine tiffness stability criterion does not
include the time variable and thus does not predict the rapidity
of anunstablefailure shouldit occur. CPFresidesat thefar end
of the unstable pillar failure spectrum. At the other end are
slow "squeezes' that devel op over daysor weeks. Workersand
machinery have ampletimeto get out of the way of thefailure.
In a CPF, the failure is so rapid that workers and machinery
cannot evacuate in time. Both CPF and sgueezes violate a
strength criterion and, somewhat later, the stability criterion;
thus, unstable pillar failure can proceed. The rapidity of a
failure may depend on the degree to which the local mine
stiffness stability criterionisviolated, i.e., the magnitude of the
difference between K, ,,s and K, as shown in figure 2.

AB

Kpvs

Convergence

>

Convergence

Figure 1.—Unstable, violent failure versus stable, nonviolent failure. Loading machine stiffness or local mine
stiffness is represented by the downward sloping line intersecting the pillar load convergence (stress-strain) curve.
A, Loading machine stiffness less than postfailure stiffness in a"soft" loading system. B, Loading machine stiffness
greater than postfailure stiffness in a "stiff* loading system.
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Figure 2.—Both cases violate the local mine stiffness stability criterion, i.e., *K s * <*K *. A, Slow squeeze
results when *K,s* <*K *. B, Rapid CPF results when *K¢* « *K*.
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COMPUTING LOCAL MINE STIFFNESS

Thelocal minestiffnessK, s relatesdeformationintherock
mass to changes in force on the rock mass. Force changes
occur as stressesin the mined-out rock go fromin situ valuesto
zero asaresult of mining. Deformationsthen occur in the rock
mass. If agiven amount of mining (and force change) results
in small deformations, the system is "stiff"; if the resulting
deformations are large, the systemis"soft." The magnitude of
the local mine stiffness dependsin part on the modulus of the
rock mass and in part on the geometry of the mining
excavations. In general, the more rock that is mined out, the
softer the system. Obtaining direct measurements of the local
mine stiffness is generally not possible, since it is more of a
mathematical entity than ameasurablequantity for arock mass.
Numerical or analytical methodsare employed to evaluateit for
use in the stability criterion.

Figure 3 illustrates the behavior of the local mine stiffness
for different minelayouts. Thishypothetical example consists
of anarray of long narrow openingsseparated by similar pillars.
An opening width to pillar width of 3 is assumed, implying
75% extraction. As the number of pillars increases from 3 to
15, stress concentration on the centra pillar approaches its
theoreticall maximum of 4, and the local mine stiffness
decreases as the panel widens. Loca mine stiffness decreases
asthe extraction ratio increases. At sufficient panel width and
high enough extraction, local mine stiffness decreasesto zero,
which isthe worst possible condition for failure stability since
it corresponds to pure dead-weight loading. If failure occurs,
its nature is unstable and possibly violent.

An expression for local mine stiffnessis

« JDP .
Kims ;_D

(S5, &3))A
D,&D,

where

DL
)b "

changein force,

change in displacement,

s, -
s

u unperturbed displacements,

unperturbed stress,

perturbed stress,

perturbed displacements,

and A " element area

This expression is easily implemented into boundary-
element programs such asMUL SIM/NL [Zipf 1992a,b; 1996],
LAMODEL [Heasley 1997, 1998], and similar programs.
Changesin stress and displacement are noted between adjacent
mining steps, i.e., the "unperturbed” and "perturbed” state. By
way of example, to compute thelocal mine stiffness associated
with apillar, first stresses and displacements are calculated at
each element inthemodel intheusua way, giving the so-called
unperturbed stresses and displacements. The pillar is then
removed and all of the stresses and displacements are
recomputed, giving the so-caled perturbed stresses and
displacements. Inthiscase, S, isidentically zero. Loca mine
stiffness K| 5 1S then calculated with the expression above.

Other numerical models can also be used to calculate K| .
Recent studies of web pillar collapses in highwall mining
systems [Zipf, in press] used FLAC? to calculate local mine
stiffness. Two-dimensiona models of the web pillar geometry
were used for the initial stress and displacement calculations.
All elements comprising one pillar were removed, and stresses
and displacements were recomputed. S isidentically zero at
the mined-out pillar. Local mine stiffnessfor the pillar isthen
evauated for the pillar. When using FLAC, a simple FISH
function can be constructed to facilitate the numerica
computations.

?Fast Langrangian Analysis of Continuum, Itasca Corp., Minneapolis, MN.
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Figure 3.—Stress concentration factor versus number of panel pillars showing behavior of local mine stiffness

as panel width increases.

POSTFAILURE STIFFNESS OF COAL PILLARS

In addition to the local mine stiffness parameter, Salamon's
stability criterion al so dependsonthepostfailurepillar stiffness,
K, Which isthetangent to the downward sloping portion of the
complete load-deformation curves shown in figure 1. Jaeger
and Cook [1979] discuss the many variables that affect the
shape of theload convergence curvefor alaboratory specimen,
such as confining pressure, temperature, and loading rate. For
many mining engineering problems of practica interest, the
width-to-height (w/h) ratio of the test specimen is of primary
interest. Figure 4 from Das [1986] shows how the magnitude
of peak strength, slope of the postfailure portion of the stress-
strain curve, and magnitude of theresidual strength changesas
w/h increases for tests on Indian coa specimens. Seedsman
and Hornby [1991] obtained similar resultsfor Australian coal
specimens. Peak strength increaseswith w/h, and variouswell-
known empirical coa strength formulas reflect this behavior

[Mark and lannacchione 1992]. At low w/h, the postfailure
portion of the stress-strain curve slopes downward, and the
specimen exhibits strain-softening behavior.  Postfailure
modulus increases with w/h; at a ratio of about 8, it is zero,
which meansthat the specimen exhibitsel astic-plastic behavior.
Beyond a w/h of about 8, the postfailure modulus is positive
and the specimen exhibits strain-hardening behavior.
Full-scale coal pillars behave similarly to laboratory test
specimens; however, few studies have actually measured the
complete stress-strain curve for pillars over a wide range of
w/h. Wagner [1974], Bieniawski and Vogler [1970], and van
Heerden [1975] conducted tests in the Republic of South
Africa. Skelly et al. [1977] and more recently Maleki [1992]
provide limited data for U.S. coal. Figure 5 summarizes the
measurements of postfailure modulus for the full-scale coal
pillars discussed above. Thelaboratory datashown in figure 4
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Figure 4.—Complete stress-strain curves for Indian coal
specimens showing increasing residual strength and postfailure
modulus with increasing w/h (after Das [1986]).

and the field data exhibit an upward trend as w/h increases,
athough the laboratory data show better definition. The
laboratory postfailure modulus becomes positive at aw/h ratio
of about 8, whereas the pillar data become positive at about 4.
Based on these field data, an approximate relationship for
postfailure modulus of full-scale coal pillarsis proposed as

E. (MPa) " &1,750 (w/h)** % 437.

Assuming aunit width for the pillar, the postfailure stiffnessis
related to the postfailure modulus as

Kp " Ep (W/h)
or
Kp * (MN/m) ® &1,750 % 437 (w/h).
As shown in figure 5, the simple relation for E, decreases
monotonically and becomes positive at a w/h of 4. The
proposed relationship is not based on rigorous regression

analysis. Itisasimple, easy-to-remember equation that fitsthe
general trend of the data.

POSTFAILURE MODULUS VERSUS PILLAR WIDTH-TO-HEIGHT RATIO

2000

1000

E,,;, = -8000 / (W/H) + 1000

g0 C - o e S & S
% At_,.--"" S i}'
= -1000 -
o
S 2000
= -
o
= -3000 -
z
5 4000 oy Proposed Fit (Field Data)
é -5000 P ® B Wagner (1974) |
= ., A Skelly et al. (1977)
S -6000 . ) R B @ Bieniawski and Vogler (1970)
. ¢ Van Heerden (1975)
7000 {4 | e Das (1986) (Lab. Data) i
. | = = = Proposed Fit (Lab. Data)
-8000 . | | L i

PILLAR WIDTH-TO-HEIGHT RATIO

Figure 5.—Summary of postfailure modulus data for full-scale coal pillars and laboratory specimens. Also shown is

proposed approximate equation for E,.
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POSTFAILURE STIFFNESS OF METAL/NONMETAL PILLARS

Incomparisonto coal, very littledataexist for the postfailure
behavior of pillars in various metal/nonmetal mines. Direct
measurements of the complete stress-strain behavior of actual
pillarsaredifficult, very expensiveto conduct, and often simply
not practical. Laboratory tests on specimens with various w/h
can provide many useful insightssimilar to the coal datashown
previously. Numerical methods seem to bethe only recourseto
estimate the complete |oad-deformation behavior of full-scale
pillarswherereal dataare still lacking. Work by |annacchione
[1990] in cod pillars and Ferriter et al. [1996] in trona pillars
provides examples of numerical approaches to estimating K.

Ferriter et al. [1996] used FLAC to calculate the complete
load-deformation behavior of the pillar-floor system in atrona
mine. The objective for this modeling effort was to estimate
postfailure stiffness of the pillar-floor system for a variety of
pillar w/h ratios. Figure 6 shows the basic models considered.
Each contained the same sequence of strong shale, trona, il
shale, and weak mudstone. A strain-softening material model
was employed for these layers.

Figure 7 shows the computed rock movement after con-
siderable deformation has occurred. The computed failure

A B C

H D=

D_‘

W/H=13 W/H=27 W/H=44

involving the pillar resembles a classic circular arc. The
computed deformations agree qualitatively with observations;
however, the model deformations are much smaller than those
observed inthefield. Thedifference may arise because FLAC
uses a continuum formulation to model a failure process that
gradually becomes moreand morediscontinuous. Recognizing
this limitation, the model results only apply up to the onset of
failure and with caution a little beyond. Failure stability
assessment is therefore possible in the initial computed
postfailure regime.

The computations provide an estimate of the complete
stress-strain behavior of the overal pillar-floor system. Using
the "history" function within FLAC, the model recorded
average stress across the middle layer of the pillar and the
relative displacement between the top and bottom of the pillar
from which strain was computed. Figure 8 showsthe effective
stress-strain curves determined for the pillar-floor system from
these four models. The initia postfailure portion of these
curves is an estimate of K, for use in ascertaining the failure
processnature, either stableor unstable, onthebasisof thelocal
mine stiffness stability criterion.
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Figure 6.—FLAC models of pillar-floor system for increasing pillar width and w/h.
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JOB TITLE : Simulated loading of panel pillar / floor system
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Figure 7.—Calculated deformation of pillar-floor system.
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Figure 8.—Stress-strain behavior of pillar-floor for increasing pillar width and w/h.
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USEFULNESS OF THE LOCAL MINE STIFFNESS STABILITY CRITERION

In practical mining engineering, we frequently want failure
tooccur. Failure usually meansthat we are extracting as much
of aresource as practical. However, we want failure to occur
in acontrolled manner so that no danger is presented to mining
personnel or equipment. The local mine stiffness stability
criterion governs the nature of the failure process—stable and
controlled or unstable and possibly violent. Field data in
conjunction with numerical modeling enable calculation of
local mine stiffness (K, ,,¢), estimation of postfailure stiffness
(Kp), and thus evauation of the local mine stiffness stability
criterion.

The stability criterion was implemented into the boundary-
element program MUL SIM/NL and used to evaluate the nature
of the failure process [Zipf 1996; Chase et al. 1994]. The
following example shows results from two contrasting
numerical models. Depending on whether the criterion is
satisfied or violated, the stress and displacement calculations
with MULSIM/NL behave in vastly different manners.

Figure 9 shows an unstable case, which violates the local
mine tiffness stability criterion.  In the initial model,
calculations for an array of pillars show that stresses are close
to peak strength and roof-to-floor convergenceis till low. In
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Figure 9.—Unstable case: (A), stress before pillar weakening, (B), convergence before pillar weakening, (C), stress after pillar
weakening, (D), convergence after pillar weakening. Lightto dark gray indicates increasing magnitude of calculated vertical stress

and convergence.
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the next modeling step, several pillars are removed to simulate
mining or elseinitial pillar failure. Thissmall change triggers
dramatic events in the model. Convergence throughout the
model increasesdramatically, indicating that widespread failure
has occurred. A small disturbance or increment of mining
results in a much, much larger increment of falure in the
model.

Figure 10 shows a stable case, which satisfies the stability
criterion. As before, pillar stresses in the initial model are

everywhere near failure and convergence is low. In the next
step, additional pillarsareremoved, asbefore. However, inthe
stable model, this significant change does not trigger
widespread failure. Anincrement of mining resultsin amore
or less equal increment of additional failure in the model.

The local mine stiffness stability criterion inspires three
different design approaches to control CPF in mines:
(1) containment, (2) prevention, and (3) full-extraction mining
[Zipf and Mark 1997]. In the containment approach, panel
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Figure 10.—Stable case: (A), stress before pillar weakening, (B), convergence before pillar weakening, (C), stress after pillar
weakening, (D), convergence after pillar weakening. Light to dark gray indicates increasing magnitude of calculated vertical

stress and convergence.



pillars must satisfy a strength-type design criterion, but they
violate the stability criterion. Substantial barrier pillars
"contain" the spread of potential CPF that could start. In the
prevention approach, pillars must satisfy two design criteria—
one based on strength, the other based on stability. Thismore
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demanding approach ensures that should pillar failure
commence, its nature is inherently stable. Finaly, the full-
extraction approach avoidsthe possibility of CPF altogether by
ensuring total closure of the opening (and surface subsidence)
upon completion of retreat mining.

SUMMARY AND RECOMMENDATIONS

Practical work to date with the local mine stiffness stability
criterion reveals both the promises and shortcomings of the
criterion in the effort to prevent catastrophic failuresin mines.
Back-analysis of case histories in various mines demonstrates
the possibilities of using the criterion in predictive design to
decrease the risk of catastrophic collapse [ Swanson and Boler
1995; Zipf 1996; Chase et al. 1994; Zipf, in press]. The tool
could havewide applicationin metal, nonmetal, and coal room-
and-pillar mines, as well as other mining systems. However,
a larger database of properly back-analyzed case histories of
collapse-type failure is required. In addition to collapse-type
failures, the criterion could evaluate the nature of shear-type
failure and have applicationsin rock burst and coal mine bump
mitigation.

Practical calculations of thelocal mine stiffness (K, o) term
in the stability criterion have been done using analytical
methods [Salamon 1970; 1989ab] and, more recently,
numerical methods [Zipf, in press]. Major factors affecting
K us are rock mass modulus; mine geometry, including panel
and barrier pillar width; and the percentage extraction, i.e., the
overall amount of mining. Anaytical and numerica K s
calculations done to date assume an elastic continuum and
neglect the presence of major discontinuities. The effect of
these discontinuitiesis certain to decrease K ,,s; however, the
magnitude of these effects requires further numerical study.

Other numerical approaches, such as discrete-element or
discontinuousdeformation analysis, may provide useful insight
into the K, for practical mine design.

Better understanding of the postfailure behavior of mine
pillars requires additional effort. Experiments on full-scale
pillars are generally not practical; however, careful laboratory
and numerical studies could providejustifiable estimates of K,
for mine pillars. Tests in the laboratory should examine the
complete stress-strain behavior of various roof-pillar-floor
composites at a variety of w/h ratios. Other variables to
consider include the effect of horizontal discontinuities and
water intherock mass. Laboratory experimentscan providethe
necessary benchmark datafor numerical studiesthat extrapolate
to thefield.

This paper summarizes the status of practical evaluation of
the local mine stiffness stability criterion for prevention of
certain types of catastrophic ground failuresin mines. Back-
analyses of collapse case histories show that the stability
criterion can predict the possibility of these catastrophic
faillures. Evauating the criterion depends on numerical
computation of K| ,,s and limited knowledge of the postfailure
behavior of pillars. Further laboratory and numerical studiesof
the input parameters K, s and K, should increase our
confidence in predicting failure nature with the local mine
stiffness stability criterion.
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