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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.
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MASSIVE PILLAR COLLAPSES

Most of the pillar failuresincluded in the ARMPS database
are"sgueezes' inwhich the section converged over hours, days,
or even weeks. There are also 15 massive pillar collapses that
form an important subset [Mark et al. 1997a]. Massive pillar
collapses occur when undersized pillars fail and rapidly shed
their load to adjacent pillars, which in turn fail. The
consequences of such chain-reaction failures typically include
apowerful, destructive, and hazardous airblast.

Data collected at 12 massive collapse sitesreveal ed that the
ARMPS SF was <1.5 in every case and <1.2 in 81% of the
cases(figure6). What really distinguished the sudden collapses
from the low squeezes, however, was the pillar's w/h ratio.
Every massive pillar collapse involved slender pillars whose
w/h was <3. The overburden also included strong, bridging
stratain every case.

In this instance, the empirical analysis led to a hypothesis
about the mechanism of the failure. Laboratory tests have
shown that dlender coal specimenstypically havelittleresidual
strength, which means that they shed almost their entire load
when they fail. As the specimens become more squat, their
residua strength increases, reducing the potential for a rapid
domino-typefailure. The mechanism of massive collapseswas
replicated in a numerical modd [Zipf and Mark 1997], pro-
viding further support for the hypothesis.

Three aternative strategies were proposed to prevent mas-
sive pillar collapses:

» Prevention: With the prevention approach, the panel
pillarsare designed so that collapseishighly unlikely. Thiscan
be accomplished by increasing either the SF of the pillars or
their w/h ratio.

» Containment: In this approach, high extraction is prac-
ticed within individual compartments that are separated by
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Figure 6.—A portion of the room-and-pillar case history data-
base showing examples of pillar collapse.

barriers. Thesmall pillars may collapse within acompartment,
but because the compartment sizeis limited, the consequences
arenot great. The barriers may be true barrier pillars, or they
may be rows of development pillarsthat are not split on retreat.
The containment approach has been likened to the use of
compartments on a submarine.

« High extraction: By removing enough coal during retreat
mining, failure of the overburden may beinduced, whichwould
remove the airblast hazard.

Theempirical analysis, using case histories, hasallowed the
first two of these approaches to be quantified in terms of the
w/h ratio and the ARMPS SF. The guidelines are now being
implemented in southern West Virginia, where the mgjority of
these events have occurred.

INTERACTIONS WITH NUMERICAL MODELS

A number of important links have developed between em-
pirical methods and numerical models. Because they were ob-
tained from real-world data, empirical modelsareagood starting
point for material property input to models. For example, Mark
[1990] analyzed numerousfield measurementsof abutment stress
and determined that the stress decay over the ribside could be
approximated asaninverse squarefunction. Karabinand Evanto
[1999] adjusted the gob parameters in the BESOL boundary-
element model to obtain a reasonable fit to the inverse square
function. Similarly, Heasley and Salamon [1996a,b] used the
same stress decay function to calibrate the LAMODEL program.

Empirical formulas have a so hel ped provide coal properties
for some models. Although empirical formulas do not ex-
plicitly consider the effect of internal pillar mechanics, it is
apparent that they imply a nonuniform stress distribution be-
cause of the w/h effect. A derivation of the implied stress
gradientswas published by Mark and lannacchione[1992]. For
example, the Bieniawski formula

S, " S, (0.64% 0.36 w/h) A3)
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implies a stress gradient within the pillar at ultimate load of
S, " S, (0.64% 2.16 x/h), 4
where S, " pillar strength,
S, " insitucoal strength,
S, " vertical pillar stress,
and X " distancefrom pillar rib.

Thestressgradient definesthevertical stresswithinthe pillar at
maximum load as a function of the distance from the nearest
rib.

These empirical stress gradients have been widely used to
estimate coal properties for use in boundary-element models
that use strain-softening pillar elements. In the models, the
peak stress increases the further the element is from the rib.
The empirical stress gradients help ensure that the initial
strength estimates are reasonabl e.

The same empirical stress gradient was used to extend a
classic pillar strength formula to rectangular pillars. The
original Bieniawski formulawas derived for square pillarsand
underestimates the strength of rectangular pillars that contain
proportionately more corearea. By integrating equation 4 over

Coal pillar

the load-bearing area of a rectangular pillar, the Mark-
Bieniawski pillar strength formulais obtained:

S, " S (064%054wh&018WALh),  (5)

where L " pillar length.
The approach isillustrated in figure 7 and described in more
detail by Mark and Chase [1997].

Other sections of this paper have indicated areas where
numerical models and empirical methods have reached similar
conclusions about important aspects of pillar mechanics. In
light of these insights, old concepts of pillar "failure" have
given way to a new paradigm that identifies three broad
categories of pillar behavior:

e Sender pillars (w/h < 3), which have little residual
strength and are prone to massive collapse when used over a
large areg;

* Intermediate pillars (4 < w/h < 8), where "squeezes' are
thedominant failuremodeinroom-and-pillar miningandwhere
empirical pillar strength formulas seem to be reasonably
accurate; and

e Squat pillars (w/h > 10), which can carry very large loads
and are strain-hardening, and which are dominated by entry
failure (roof, rib, and floor) and by coal bumps.

Pillar’s load-
bearing capacity

KEY Ir L
L Pillar length
W Pillar width

RECTANGULAR PILLAR

EQUIVALENT

Coal pillar

e—w—]

SQUARE PILLAR

SNy w
y ,
l‘—(L-W)—"'
SECTION OF
STRIP PILLAR

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

Empirical methods rely on the scientific interpretation of
actual mining experience. Becausethey areso firmly linked to
reality, they are particularly well suited to practical problems
like pillar design. Empirical methods like ALPS and ARMPS
have met the mining community's need for reliable design
techniques that can be used and understood by the
nonspecialist.

Successful empirical research has three central elements:

» A hypothesis or model that simplifies the real world, yet
incorporates its most significant features,

» A large database of case histories, developed using
consistent and thoroughin-mine datacoll ection techniques; and

* Quantitative analysis using appropriate statistical
techniques.

Empirical techniques are not, of course, the only tool in the
ground control specialist's kit. Indeed, one of the most satis-
fying developments in recent years is the synergy that has
devel oped between empirical techniquesand numerical model-
ing. The two approaches seem to have converged on anumber
of important conclusions, including:

e Laboratory testing of small coal samples, particularly
UCS tests, are not useful for predicting pillar strength;

 Thestrength becomesmoredifficult to predict asthe pillar
becomes more squat;

» Thew/hratioisimportant for predicting not only the pillar
strength, but also the mode of failure; and

* Many ground control problems must be considered from
the standpoint of entry stability, where pillar behavior is just
one component.

Certainly, more work remains before the age-old questions of
pillar design arefinaly solved. In particular, much remainsto be
learned about the mechanics of squat pillars and roof-pillar-floor
interactions. Currently, there is no accepted way to determine the
frictiona characterigtics of the contacts, bedding planes, and
partingsthat are so crucia to pillar strength. Itissimilarly difficult
to characterize the bearing capacity of the floor. Simple, mean-
ingful field techniques for estimating these properties will be
necessary for further progress with either numerica or empirical
techniques. Indeed, the cross-pallination between the numerical
and empirica methodsthat has characterized the recent past can be
expected to bear further fruit in the future.
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