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ABSTRACT

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

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

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

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

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

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

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

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

capacity of apillar.

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

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

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

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

MECHANICS OF THE PILLAR-COAL SYSTEM

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

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

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

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

ROADWAY DEVELOPMENT PHASE

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



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

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

PILLAR LOADING BY ABUTMENT STRESSES

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

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

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

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

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

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

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

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

EFFECT OF GEOLOGY

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

» Massive sandstone-coal-massive sandstone

EFFECT OF GEOLOGY ON PILLAR STRENGTH « Laminite-coal-sandstone
* Weak siltstone-coal-weak siltstone
The effect of various strata types in the roof-coal-floor « Laminite-clayband-coal-clayband-laminite
pillar systems has been investigated further by computational
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Figure 8.—Geological sections modeled to assess load deformation characteristics. A, coal-clay-
laminite; B, coal-siltstone-laminite; C, coal-sandstone; D, coal-laminite-sandstone.



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

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

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

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

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

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

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

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

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

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

AN APPROACH TO PILLAR DESIGN

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

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

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

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

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

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

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

Monitoring of stressdistributionswithin pillarsduring min-
ing can provide elevated loading conditions for analysis. An
exampleis presented in figure 12, whereby small pillars were
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instrumented with CSIRO HI Cells and monitored until well
isolated in the goaf after the passage of alongwall panel.
Computer modeling methods have been developed to
simulate the behavior of the strata sections under various stress
fields and mining geometries. For mine design, such simula
tions must be validated against actual ground behavior and
stress measurements. This provides confidence that sufficient
geological investigation has been undertaken and that the
strength properties and deformation mechanisms are being
simulated accurately. The computer software developed by
Strata Control Technology has been verified in a number of
field investigations where computer predictions of stress
distributions and rock failure zones have been compared. An
example is presented in figure 13, which compares the
measured and model ed stressdistribution over ayield pillar and
solid coal in a deep mine. Another example of computer
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cating pillar stress history.
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modeling capabilitiesispresented infigure 14 for weak ground
adjacent to alongwall panel. A series of stress measurements
was conducted to define the abutment geometry and compared
to computer simulations based on the geological section and
goaf geometry. Theresultsindicateavery closecorrelation and
that rigorous computer simulation methods can provide agood
estimation of the actual stresses and ground failure zones.

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

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

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

CHAIN PILLAR DESIGN ISSUES

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

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

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

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

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



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

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

Figure 15.—Simulation of roadway conditions under abutment stress.
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CONCLUSIONS

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

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

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

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

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

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

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

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

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

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

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

RESEARCH METHODOLOGY

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

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

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

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

EMPIRICAL COAL PILLAR STRENGTH ESTIMATIONS

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

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

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

F

sl K1

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

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

If the notation

R " w/h o)



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

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

form
w) [ h $
F."K | — —

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

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

EFFECTIVE WIDTH OF PARALLELEPIPED PILLARS

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

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

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

We ™ WiW, ©®)

minimum pillar width (measured along
roadway)

where w; *©

and w, = maximum pillar width (measured along

roadway).

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

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

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

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

w '4?", (6)

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

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

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

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

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

2w,
.
w, %w,

o

©)

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

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

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

R&R,

w RU&R| -
w, " wlg

wl. (10)

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

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

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

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

b

NN\ NN

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

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

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

Fo " Kw'hs1” (12)

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

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

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

w,sin2
h h

V " w?h R*

(14)



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

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

3 3

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

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

shape, is
g9
R a1
( RO]

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

. b,~) b
Fo" K,VARSL {—

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

R, "5 g™25 17)

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

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

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

U o (18)

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

UNSW INITIAL DESIGN FORMULAS

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

. W0.46
Fo™ 74- 5 (MPa

(193)

and its squat pillar version (R > 5):

F" 19.24 237
W 0-133 [ 0.067

% 1} (MPa) (19b)

25
Wi el
&

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

F, " 5.36(0.64% 0.36R) (MPa) (20)
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UNSW REFINED (RECTANGULAR) FORMULAS

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

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

(Wl 0.51
h 0.84

(MPa)

Fy, " 8.60 (214)

The corresponding expression for squat pillarsis given by

25
029 X} &1
5h

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

The relationship between pillar strength and pillar load
produced by these equations for each point in the database is
showninfigure 3. Design factors of safety associated with the
probability of achieving a stable design are shown in table 2.

. 27.631%%
2 W 0220 [40.110

%1} (MPa)  (21b)
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Pillar load (MPa)
Figure 3.—Pillar strength and pillar load relationship for
both the failed (0) and unfailed (+) Australian cases.

Table 2.—Probability of failure
versus factor of safety

Probability of Factor of

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

REANALYSIS OF THE SOUTH AFRICAN DATABASE

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

This analysis has produced the following strength
formulas:

(W 1)0.42
h 0.60

F, " 6.88 (MPa) (223)

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

by

2

16.361%4

w 0.116 h 0.058

{ 0.215

&

w

25
] &1

%1} (MPa)  (22b)

The linear version of the strength estimator is simply

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

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

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

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

COMBINED AUSTRALIAN AND SOUTH AFRICAN DATABASES

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

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

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

following form:;
25
( ﬂ) &1
5h

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

%1} (MPa)  (24b)

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

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

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

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

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

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

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

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

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

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

ABSTRACT

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

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



74

INTRODUCTION

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

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

LAMODEL

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

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

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

INITIAL MATERIAL PROPERTY GENERATION

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

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



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

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

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

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

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

COAL ELEMENTS: UPPER MINE

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

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

STRESS MAPPING

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

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

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

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

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

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

4: Severepillar sloughage, broken coal piled almost toroof.

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

MODEL CALIBRATION

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

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

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

CASE STUDY 1

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

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

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

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

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

STRESS MAPPING

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

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

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



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

MODEL DESIGN

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

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

MODEL CALIBRATION AND ANALYSIS

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

COAL ELEMENTS: UPPER MINE

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

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

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

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

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

STRESS MAPPING

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

MODEL DESIGN AND CALIBRATION

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

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

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

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

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

COAL ELEMENTS: UPPER MINE

Peak Peak
Element stress, strain
MPa
A (core) . .... 102.3 0.04944
B.......... 66.5 0.03216
C.......... 48.7 0.02352
D(rib) ...... 12.9 0.00624
COAL ELEMENTS: LOWER MINE
Peak
Element stress, Et?:ilrj
MPa
A(core) .. ... 56.8 0.02747
B.......... 36.9 0.01787
C.......... 27.0 0.01307
D(rib) ...... 7.2 0.00347
GOB ELEMENTS
Initial Final Final
modulus, modulus, stress,
MPa MPa MPa
6.2 138 27.6
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Figure 6.—Mine map for case study 2.
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STRESS PREDICTION FOR MINE PLANNING

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

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

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

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

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

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

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

CONCLUSIONS

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

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