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A HYBRID STATISTICAL-ANALYTICAL METHOD FOR ASSESSING VIOLENT
FAILURE IN U.S. COAL MINES

By Hamid Maleki, Ph.D., ®Eric G. Zahl, 2 and John P. Dunford 3

ABSTRACT

Coal bumps are influenced by geologic conditions, the geometric design of cod mine excavaions, and
thesequenceand rate of extraction. Researchersfrom privateindustry and government agenciesaround the
worl dhavestudied mechani smsof violent falureand haveidentifiedindividud factorsthat contributeto cod
bumps. Todevd op predictivetool sfor ng cod bump potentid,, theauthorsinitiated acomprehensive
study using information from 25 case sudies undertaken in U.S. mines. Multiple linear regresson and
numericaimodeing andyses of geologica and mining conditionswereused to identify the most sgnificant
factors contributing to stress bumps in coal mines.

Twenty-fivéactorswereconsderedinitidly, including mechanica propertiesof srata, sressfidds, face
and pillar factors of safety, joint gpacings, mining methods, and stress gradients.  In stu strength was
estimatedn 12 cod ssamswhereuniaxia compressvesrength exceeded 2,000 ps. Allowancesweremeade
for favorabléocd yidding characteristics of mine roof and floor in reducing dameage severity. PFillar and
face factors of safety were calculated using displacement-discontinuity methods for specific geometries.

Thiswork identified the most important variables contributing to cod bumps. Thessare (1) mechanicd
propertiesf drata, induding locd yield characterigtics of amine roof and floor, (2) gate pillar factors of
safety (3) roof beam thickness, joint spacing, and siffnesscharacteritics, which influencerd eased energy,
(4) dress gradients associated with the gpproach of mining to areas of higher stress concentrations, and
(5)theminingmethod. By combining thestrength of both andyticd and statistical methods, new capabilities
weredevd opedfor predicting cod bump potentia and for building confidenceinterva son expected damage.

Lpri ncipal, Maleki Technologies, Inc., Spokane, WA.
2Civil engineer, Spokane Research Laboratory, National Institute for Occupational Safety and Health, Spokane, WA.
3Mining engineer, Spokane Research Laboratory, National Institute for Occupational Safety and Health, Spokane, WA.



140

INTRODUCTION

Coal bumpsare sudden failluresnear mine entriesthat are
of such amagnitudethat they expd large amounts of cod and
rockintothefacearea. Thesededtructiveeventshaveresulted
in fatdities and injuries to underground mine workers in the
UnitedStates. Cod bumps are not only a ssfety concernin
U.S.cod mines, but dso have affected safety and resourcere-
covery in other countries, induding Germany, the United
KingdomPoland, France, Mexico, the Peoples Republic of
Ching, India, and the Republic of South Africa Gradud or
progessve falure, which is commonly experienced in cod
mines, hasless effect on mining continuity and sefety and is

comparisonof pospesk diffness of a cod ssam and the
loadi ngsystem (mineroof andfloor). Linkov [1992] proposed
an energy criterion emphasizing that violent failure results
whenkinetic energy isliberated above that consumed during
fracturingof the cod. In practice, it is difficult to estimate
postpeakdtiffness of cod for any geometry [Maeki 1995] or
to cdculate fracture energies. Thisled some practitionersto
use ether dored dadtic dran energy or changes in energy
rel easqd Cook et d. 1966] to evauatethelikdihood of violent
failure.

In view of limitations for unambiguous cdculaions of

generally controlled by timely scaling, cleaning, and boltingoostpealdtiffness, many resserchershaveatemptedtoidentify

Ressarchasfromprivateindustry, governmeant, andacademia
have sudied the mechaniams of cod bumps [Crouch ad
Farhugs 1973, Sdamon 1984; Baboock and Bickd 1984;
lannaochione and Zdanko 1994; Mdeki & d. 1995] and mine
sagnidty [Arabasz et d. 1997; McGar 1984]. Sasmic evants
are gengated as mining adtivities change the dress fidd; they
oftenreaultin ather arushing of cod meearerocks(drain bump)
or shearing of agpaities dong geologica discontinuities (fault-
dip). Sudden cdllgpse of overburden rocks[Maeki 1981, 1995;
Pechmanmn & d. 1995] hasd so been assodaed withlargessigmic
evants triggaing cod bumpsin margindly seble pillas

To differentiate between stable and violent falure of
rocks, Crouch and Farhurg [1973] and Sdamon [1984]

P r o P o S e d a

individualfactorsinfluencing cod bumpsusing the datafrom
single-fieldneasurement programs. Using such dataandyses

and in the absence of rigorous statistical treatment of all case

studiesjtisvery difficult to identify geotechnica factorsthat
influencecod bumps, to asign confidence intervas, and to
develop predictive capabilities.

To identify the most sgnificant factors contributing to
coal bumps, the authors analyzed geometric and geologic data
usingboth computationa and gatisticd andyd s techniques.
Thedatainduded information on both violent and nonviolent
failuresfrom 25 mine stesin Colorado, Utah, Virginia, and
K entuckyyheredetail ed gectechnicd andin-minemonitoring
results were available.

DATA ANALYSIS

Thefirs sep in developing a gatisticl modd was to
create suitable numericad vaues that express geologic,
geometricand geomechanicd conditions. The second sep
was to reduce the number of indgpendent variables by
combining some exiging variables into new categories and
identifyhighly corrd atedindgpendent variables. Reducingthe
number of varidbles is needed when there are too many
variabl ego rd aeto the number of datapoints. The presence
of highly corrdatable variables influences which procedures
aresgected for multiple regresson andyses. The third step
wasto develop a multivariate regresson modd and identify
significant factors that contribute to coal bumps.

Somegeologic variables were readily avalable in nu-
mericalformat; other geomechanicd factors had to be cacu-
lated usng numericad and andyticd techniques These
activitiesinvolved

(1) Obtaining mechanica property vauesfor roof, floor,
andcod ssams through laboratory tests of samples of near-
seamdrata Ingtustrength of cod seamswasestimated usng
the procedures suggested by Maleki [1992].

(2) Calculatingoth maximum and minimum sscondary
hori zontaltresses using overcoring sressmessurementsfrom

one to three boreholes [Bickel 1993].

(3) Cdculaing pillar and face factors of safety for in-
dividual case sudies usng both two- and three-dimensiond
boundary-el emertéchniques[Md eki 1990; Crouch 1976; Zipf
1993]. Reaults were compared with fid d datavwhen such data
were available.

(4) Cdculaing energy rdease from a potentiad seismic
eventusng boundary-d ement modeding and andytica formu-
lationssuggested by Wu and Karfakis [1994] for etimating
energyaccumulaion in both roof and coa and energy rdease
[McGarr1984] in terms of Richter magnitude (M ;) usng the
following formula

1.5M =axlog (E)- 11.8, (@)

where E =total accumulated energy in roof and seam, erg,

and a =coefficient depending on joint density.

(5) Assessing the severity of cod bumps usng adamage
rating developed by and based the authors observations of

physical damage to face equipment and/or injury to mine per-

sonnel, as welbs observations by other researchersascited in



theliterature. Damagelevd swereass gned aranking between
Oand 3. Levd 1 dgnifiesinterruptionsin mining operaions

level 3 signifies damages to both facgipment and injuries
to mine personnel.

Thefirg step of theandysesinvolved theidentification of

25geol ogic, geometric, and geomechanicd variablesthat had
the potentia to contribute to cod bump occurrence. Both

Table 1 CStatistical summary of geologic variables
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viol ent(bump-prone) and nonviol ent conditionsin 6 room-and-
pillar mines and 19 longwal mineswere sudied. Tables 1-3
summari z¢hese dataand indlude averages, ranges, and sand-
arddeviaions. Typicd frequency hisogramsare presented in
figuresl-3 and indicate that these case studies provided good

coverage of the variables.

Variable Mean Staf‘df'”d Range No. of

deviation cases
Jointsets......... ... i 1.4 0.6 1-3 25
Cleatsets. . ........... ... .. 1.8 0.4 1-2 25
In-seampartings. .. ............. ... 1 0.9 0-3 21
Jointspacing, ft. . ... ... ... 22 18 5-50 24
Rock Quality Designation (RQD). .. ........ 77 18 50-100 15
Depth, ft............. ... .. .. ... ... ... 1,640 440 900-2,700 25
Roof beam thickness, ft . ................. 14 11 5-40 25
Young's modulus, millionpsi.............. 0.4-8 0.12 0.35-0.67 25
Young's modulus of roof and floor, million. psi 3 1 1-4.8 25
Uniaxial strength, psi..................... 3,240 750 2,000-4,600 25
Uniaxial strength of roof and floor, psi...... 14,700 3,460 8,000-22,000 25
Maximum horizontal stress, psi............ 1,920 1,100 100-3,800 25
Interactingseams. . . .......... ... ... 1.2 0.4 1-3 25
Local yield characteristics. ... ............. 0.8 0-2 25

Table 2 CStatistical summary of geometric variables 10

Variable Mean Star_1df':1rd Range No. of

deviation cases
Pillar width, ft. ... .. 63 34 30-140 23
Pillar height, ft... ... 8.3 1 5.5-10 25
Entry span, ft. . ... .. 19 1 18-20 25
Barrier pillar width, ft 165 90 50-240 6
Face width, ft. ... ... 550 130 200-800 25
Mining method . . . .. 1.2 0.4 1-2 25
Stress gradient. . ... 0.9 0.6 0-2 25

Table 3 CStatistical summary of geomechanical variables

FREQUENCY

Variable Mean Star‘d?rd Range No. of
deviation cases
Pillar factor of safety. . 0.8 0.3 0.5-1.4 23
Face factor of safety. . 0.9 0.2 0.6-1.5 22
Energy (N ......... 3 0.5 2-4 22
Damage............ 1.4 1 0-3 25
12
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Figure 1.CHistogram frequency diagram for pillar width.
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Figure 2.CHistogram frequency diagram for the maxiumum
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Roof beamthi cknessranged from 5to40ft. Thebeamchosen
for the evd uation was the srongest beam of the neer-sceam sratia
located between oneand four timesthessamthicknessinthemine
roof. Although thereis some evidence that massve upper drata
havecontributedto cod bumpsinsomemines[Maeki 1995], thar
influence was nat directly evaduated in this sudy because of the
lack of gedlogical and mechanica property data

Local yidd characteridics of the immediate roof and floor
graa influence cod pillar falure and the seveity of cod

bumps This factor varied from O to 2, whae O indicates in-
dgnificant yidding in the roof and floor and 2 indicates
favorable, gradud yidding in both roof and floor.

Sresgradientsvaried from Oto 2, depending onwhether
mining proceeded toward an area of high dress (result-
ing from previous mining) and/or abnorma geologic
conditions,auch as those occasondly found near faults or
grabens.

BIVARIATE CORRELATIONS AND DATA REDUCTION

Thesecond sep inthe andysesinvolved corrd ationsand
variablereductions. Based on preiminary bivariate corrda-
tions amnong al geologic, geometric, and geomechanica
variables, the numbef variableswas reduced by combining
somevaiables into new ones. In addition, the cause-and-
effectstructurein the datawasidentified, hdping to tailor the
proceduresfor multiple regresson andyss usng forward
stepwi sénclus on of dependent variables, asdescribedlaterin
this paper. The new variables were as follows:

Pgratio Ratioof maximum principa horizonta stress
P) to minimum stress (Q)

Srenrc Theratio of uniaxid compressive strength of
the roof to the coal

Jointrf Jointgpacing % roof beam thickness + mining

height
Gradyield Ratioof roof and floor yidd cheracterigticsto
stress gradient
Panelwd Ratio of panel width to depth
Youngrc Ratioof Y oung's modulus of the roof to the

seam

Table4 presents the bivariate corrd ation coefficients be-
tween the variable "damage' and sdected geologic and

geometric variables. Energy (JMifacefactor of sefety, stress
gradient, pillar factor of safety, joint gpacing, and uniaxia
compressi veatrength of roof to cod werethe most significant.
Othervariableswere poorly corrd ated with damage, induding
the ratioof Pto Q, pillar width, and Y oung's modul us of roof
to coal.

Table 4 CBivariate correlation coefficients
between damage and selected variables

Variable Coefficient
Significant variables:
Damage ..................... 1
Energy. .......... ... 0.65
Gradyield . . .................. -0.57
Jointrf. .. ... L 0.52
Pillar factor of safety........... -0.44
Uniaxial strength of roof to coal . 0.36
Face factor of safety. .. ........ -0.33
No. of interacting seams . ...... 0.33
Panel widthtodepth. .. ........ -0.31
Mining method. . . ............. 0.26
Insignificant variables:
Pillarwidth . . ................. 0.1
Ratioof PtoQ................ 0.1
Young's modulus roof to caoal. . . 0.07

‘Two-tailed tests.

MULTIPLE LINEAR REGRESSION ANALYSIS

The last step in developing predictive capabil wasto
completemultiple regresson andyses usng the numerica
val uesobtained through measurements and numerica modd -
ing. Thisis a hybrid goproach where the strengths of both
stati sticaland computationa methods are combined. Com-
putati onalmethods have been used to assess the influence of
a combination of geometric variables into single variables,
suchas pillar factor of safety and rdleased energy. Thiswas
very ussful for increesng goodness of fit and enhancing
multi pl eegresson coefficients. Statistica methodswereused
toidentify sgnificant variables, build confidenceintervas, etc.

Themultilinear regression procedure cons sted of entering
theindependent variables one at atimeinto the equation usng
aforward seection methodology. In thismethod, the variable
havingthe largest corrdation with the dgpendant variable is
enteredinto the equation. If avariablefalsto meet entry re-
quirementsit is not included in the equation. If it meetsthe
criteriathe second variable with the highest partid corrdation
is s"ected and tested for entering into the equation. This
procedures very desirable when there is a cause-and-effect
structureamong the variables  An example of the cause-and-
eff ectrdationship isshown when agrester depth reducespillar



factorof safety, contributesto an accumulation of energy, and
ultimatel yresults in greater damage. Using the above proce-
dures, any hidden relationship betwelepth and pillar factor
of ssfety, energy, and damage is evauated and taken into ac-
count during each step of the analysis.

Severd geomechanica variables (table 3) were initidly
usedas degpendent variadbles The damage variable, however,
resultedin the highest multiple regresson coefficient. The
multiplecorrdation coefficent (R), which is a measure of
goodness of fit, for the last step was 0.87.

Theassumptions of linear regression andyd s were tested
andfound to be vdid by an andyss of variance, F-datidics,
andaplot of sandardized resduds (figure 4). Residud plot
did not indicate the need to indlude nonlinear terms because
there was no special pattern in the residuals.
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Figure 4.CStandardized scatterplot for the dependent variable
"damage."

IMPORTANT VARIABLES CONTRIBUTING TO BUMP-PRONE CONDITIONS

Basedon an examination of standardized regresson coef-
ficients(table 5), the fallowing varidbles best explain the
variaions in damage and thus daigicdly have the most
significant influence on coal bump potential:

$ Energyrdease.CThisvariableincudes the effects of
themechanicd properties of the roof and cod, depth, stress

field, and joint density and thus directly relates to damage.

$ MethodCMiningmethod has abearing on cod bump
potential. The room-and-pillar method is associated with a
higher degree of damage than longwall mining.

$ Pillar factor of safety.CGate pillar geometry con-
tributes directly to the severity of damage.

$ Stressgradient and yidd characterigics.CMiningto-
wardaress of high dress cresates a potentia for coa bumps;
localizedyidding roof and floor conditions encourage gradud
failure, reducing the severity of damage.

Table 5 CStandardized regression coefficients and
statistical significance

Standardized

Variable coefficient T-significance
Energy .............. 0.28 0.049
Pillar factor of safety. . . -0.34 0.011
Method. ... .......... 0.26 0.064
Gradyield. .. ......... -0.55 0.0004
Constant ............ NAp 0.234

NAp Not applicable.

CONCLUSIONS

A hybrid gatitica-andyticd gpproach was devel oped to
identify the most sgnificant factors contributing to cod
bumps. By combining the srength of both andytica and
stati sticalmethods, the authors achieved new cgpabilitiesfor
predictingcod bump potentid and for building confidence

i n t e r \% a | s o n

expected damage. Becaube method rdies on an extensive
amount of geotechnical data from@se sudiesin U.S. cod
mines, it should be hdpful to mine planners in identifying
bump-proneonditions. Thisinturnwill resultin ssfer designs
for coal mines.
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