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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;



141

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—]
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Figure 7.—Conceptual depiction of the Mark-Bieniawski pillar strength formula.



153

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.
CONSOL, Inc., Research & Development, Library, PA.
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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.
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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)



166

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

>
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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.
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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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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
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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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