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I. INTRODUCTION

Coal seams occur in geologic measures or formations which
often contain more than one mineable seam. Engineers
International, 1981, estimated that of the 229 billion tons
of bituminousr coal reserves subject to underground
extraction in the United States, 156 billion tons are in
aréaskwhere more than one mineable seam exists. Although
adverselmining conditions. have long been aSsociéted with
multiﬁle seam mining, historically and currently, selection

- of  the mining ~seguence has been based primarily on
pconsiderations of seam 6wnership, availablility and
economics, and not on possible adverse conditions created by
previous mining.. |

In coalfields such as the Appalachian coalfield, where
mining has been active fér“ many years, experience in
multiple seam mihing has led to 1identification ‘and
classification'of interaction problems as follows:

- Ground control problems.

- Ventilation problems.

- Drainage problems.

The most serious interaction problems are ground control
in origin. Haycocks and Karmis, 1981, isolated -ground
control interaction into four areas:

- Pillar load transfer.

- Massive interseam failure.

1



- Arching.

- Subsidénceﬁ

The objective\ 6f this research is to determine what
factors conﬁnoi,the’damage caused by subsidence in an upper
seam»and to dévé&ép‘a~h@dEi'whiGh predicts when this damage
»will adversely‘effedt:upper seam mining. |

Holland, L951, stated that in the caseiof mining above
old workiﬁgs, s@bsidence is responsible for most of the
negative effects of interaction. Further, factors
‘centributing‘ t6 subsidEnce and strata movements are in
general too démplicated for suceeésful theoretical
c@nsideratiaﬂ; . therefore, information is largely derived
from observation’and=experience. “Although  much reéearch has
been done in the area of subsidence and ground movements
sincé Holland made this statement oVer 30 years ago, the
fact that the mbst widely used system of predicting surface
subsidence, the National Coal Board'S»Subsidence Engineer's
Handbook, 1is empirical in nature, 1is evidence that the
statement is still true today. | |

In order to study subsidence in multiple seam mining and
to predict damage to an overlying seah, case studies were
collected and analyzed. From these studies a model was
developed to estimate when the damages caused by subsidence

will negatively'gﬁfect the mining of an overlying seam.



II. LITERATURE REVIEW

2.1 General Multiple Seam Mining
In coalfiéidé~cén¢aining more than one mineable seam of
. coal, thé~ PrimérY‘.gﬁéund'vcén¢r°l consideration’ ié_ the
proximity to pré&ieuSIy mined seams (Stemple, 1956).
 Adjacentvworkin§s-caﬁfbe categorized as folloWs:
- An'underlying“or subjacent seam being previously mined.
- An ‘Qverlying“ or superjacent seam béing previously'
mined. |
- Both:séams‘being‘mined~simultaneously; with either seam
~ in. advance. |
Each category of multiple seam minihq can produce
interaction- effects. ThéSe interaction effects can be
.classifiéd, by origin, into three divisions (King(‘whittaker
and,Batéhlor( 1972):
i— Streés fieldféhanges or anomalies due tb'old‘or cﬁrrent
wbrkings.
- Active strata &displacement in other wofkings due to
current WOrkingé.
S Triggered interaction due to the changes prqduced by
current wo:kingS‘upon,old workings.
‘Stress anomalies can be either natural in origin or
induced by mining. in, Table lg‘ King; Whittaker and
Batchler, produce a broad classification system for stress

anomalies. These stress anomalies can be caused by



4

Table 1. Classification of Stress Anomalies

(after King, Whittaker and Batchlor, 1972)

GENESIS gg ABNORMAL STRESS FIELD _ EXAMPLE
(1) Natural, due to geological Heavy lateral pressure in
dislocations, faults, ect. overthrust areas.

(2) Natural, due to inhomogeneity Difference between physical
within a stratum or strata. properties of certain seams.

(3)>Combihation of induced and Outbursts and rock bursts.
natural stress anomalies.

(4) Induced, outside the Abutment pressures in ad-
boundary of mining. vances of faces, over the
: : ribs and rib pillars. '

(5) Induced, inside the Differential pressures due-
boundary of mining. to the existence of roadways,
packs or pillars inside
the worked area.
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geological ‘discbntinuities, depOsitiénal inhomogeneity
within a,qeoloqical'unit or'miniﬁq'either‘inside of outside
the boundary of:mining-

Interaction problems causedikur streSS anomalies occur
- over and undeibteMnant pillars left in a previously mined
.seam‘as5wellfas ovef énd under solid cQal ribsides. Remnant
and rib‘pillans'léft in a n@ned.séam result in the stiata
immediaﬁely above and below the Sides of the pillar being
placed in a state~ of lateral tension. Cbnversely, .the
region immediately‘abevebénd beiQW~£he,pillar is under a
state of high compreSSive streSS‘due to the surcharge effect
- of the ovezburﬁen. "This results invthe‘strata immédiately
above and;belowgthé'remnaﬁt pillar.exhibiting characteristic
‘multiple vertical fractures.(Whittaker and Pye, 1976). This
fracture pattern is shown ifn Figurée 1. The characteristic
features ‘of' the fractured ground are veftiCal fractures
running parallel to the main axis of the pillar crossed by
more widely spaced conjugate fractures orientated‘ at 45
degrees to the,verticald |

The effects of these stress anomalies were illustrated by
Whittaker and Batchelor, 1972, in Figure 2. This figure
plots convergence,albng a roadway, in an upperiseam, over a
remnant pillar lefﬁ in a previously worked lower seam. The
closure over the remnant pillar is much higher than the

closure over either virgin coal or destressed gob areas.



Figure 1. Fracture Pattern Observed in Practice
(King, Whittaker and Batchlor, 1972) ‘
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-Althbugh these streSs anomalies Caﬁ cause  severe .
problems, displacement effects rather than stress anomalies -
play the most.imﬁortant@role in interaqtion problems (King,
Whittaker and'Batchelor; 1972); These displacement effects
can be i@bntiﬁiedﬂas bed separétion, caving or slumping of
strata. | |

Stemple, 1956, in his study of multiple seam mining
operations, observed béd separation at an upper seam level
of as:muChvaS'severaL inches. This bed separation took the
form of either the coal bed and underlyihg strata dropping
away from £he roof or of the floor and underlyiﬁg strata
.dropping away ﬁrom*the‘éoal. This sort of phenomendn ié due
to the sagging of strata created by subéidence ‘over the
lower extracted seam.v ft seems doubtful that the coal
itself woﬁld;ﬁhavé“'thé neceéééry"teﬁéile strength to hang
unsupported over thevfldor. In cases where the coal was
found to hang above the floor a strong adhesion Was found
betweenAthe cQal_bed”and the immediate roof.

Bed separation by itéelf usualiy does not adversely
effeét mine: stability; however, it can cause both
ventilation and;drainage'problems. | |

Rock'failure,or'caving results when the rock forming the
immediate roof of_ an opening fails. Failure is wusually
‘limited to a few feet of rock immediately_abové the mine
opening, although invsome cases beds have been -observed to

fall or cave to a height of 30 to 40 feet (Holland, 1951).
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This failuré usﬂally has little effect on overlying coal
seams. If, however, an overlying coaL seam is in close
proximity to a_préviously worked seam, as in the case of
many rider seams, failure of this type can be extremely
destructivé[

Hedley, I978,,ob591ved damage caused by this action at
Elliot Lake, Ontario. Elliot Lake is an uranium mining
district. TheVdistrict c@hfains from three to five seams of
uranium bearing conglbmerates, separated by quartzite beds
ranging frem a few feet,in.thiékness to over 100 feet. Data
collected from minéé in the area are illustrated in Figure
3. This ﬁi@dfe plots stable and- collapsed workings on axes
of span versus parting thickness.

An eyewitness account of a.parting zone failure in an
Elliot Lake mine, stated that the pafting zone collapsed as

one unit,’ This would suggest sheai or tensile failure near
’the pillar édge.

Along with bed separation and Caving, the slumping or
bending of strata is an important type of ground movement.
As in surface subsidence, if the area of extraction is large
enough,. this’slumping action is inevitable. As the strata
above a mined coal seam is subsided, tension cracks are
formed in the strata. These cracks can be the origin of
bmany interéction problems. The problems can be ground
control, ventilation or drainage in nature.

The process of slumping or active subsidehce,‘can be
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- devastating te an upper seam, if deve lvo:pment" workings “have
.~ 'been driven,ih:itq _Eammér, 1980,-reported.that rﬁéf’strata
‘&Beﬁé' toém:,&nd; piilazj workings which had rémained stable
wiﬁh _no‘-sﬁppért fﬁrf more than 20 years, collapsed
ektensiveiy,dﬂring'uﬁdermining. Farmer explainedfthis by
the tendency of joints aﬁd discontinuities to be opened by
the tensiie dﬁsturbénce'd&ﬁsed by undexmining. Less. severe
resulté were ‘ébtainedr by ‘Kingv Whittaker and Batéhelor,’
1972, in an experiment designed to observe the behavior of a
roadway when afﬁécted by interagtion from a lower working
face. Eigm&e 4; shows the final subsidéd;jprofiléf on the
réadWay’flon’and‘alsa thg change in height of the roadway.
The fiqure‘shOWS a uniferm closure between the rib sidesv
with only superficial evidence of increased closure over the
ribside. The authors éttriButed this to the fact that the
extracted seam heighf of_the leer seam was only three feet.
In instances of extracted seam heights of six feet and
qreafer( .they state increased aeformations» over ribsides
should be expectéd.

Besides displacement effects and stress ahomalies, an
egually important ~feature in intéraction_’isb ﬁhe “time
dependent deformation of coal measurés. This' secondary
deformation is caused by the relative stability of pillars
in “the lower seam. Stress anomalies caused by the mining of
the upper seam over pillars left in the previously mined

lower seam can cause the failure of these pillars. This in
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turn can make for a new series of pressures and
displacements- in the upper seam. Becausé of - this
relationship, the resu;ts of interaction are not necessafily
a consistent and final anomaly due to an earlier working.
SubsidEnce' eﬁgi@eefs‘uée a term, triggered subsidence,‘ to
denote anNadditidnal»ﬁurface'subsidence, cbnsequent upon the
disturbanée of an old working bY‘ the current working in
another seam. This is essentially interaction and any
additional affects Qh the surface relate direCtly‘ to
innerburden;activity (King, Whittaker and Batchlot; 1972).

- The factors which govern interaction problems, include:

%

- The mining methodé used in extracting the previously
mined.overlying‘or underlying bed, as well as the bed being
currentlyvmined.‘ |

- The percentage and unifbrmity éf’redovery’in all beds
condernéd.v

- The thickness of innerburden between the beds under
consideration. . o »

- The structural characteristics of the innerburden.

- The thickness of the coal seams mined. |

= The time elapsed following the mining of the previously
mined seam.

Dip of thé coal seams is also a factor but in this
discussion the seams are presumed to be horizontal or nearly
so. There are cases Qhere the seams mined are on rather

sharp grades but they are exceptional and the results
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observed in these cases are generally similar to those noted
in neérly‘horizontal seams (Lazor, 1965) .

The first faeter in interaction.isbthe.mining method used
in exttadting the préviously mined seam. The major types of
mining‘t@&éy are Lanwall and room and pillar, with reco?emy
being partial or cbmplete; Each type of‘ mining has
»characteTiSticS' making it applicable under different
conditiensf ‘Eaéh-will aiso have a somewhat different effect
upon overlying coal beds (Holland, 1951).

Longwall.’mining causes a qradual bending of the
superincumbentAStraté, allowing'it, above the caving height,
to settle slowly upon the caved material. The subsidence
starts in advance of the face and becomes éémplete at a
distance of 100 to 600 feet behind the face (Stemple, 1956).

In room and pillar mining, where complete extraction is
practiced,’the‘subsidence is of a different nature. ‘Where
pillars are extracted in such a manner as to form a long
extraction line, it is desired to reliéVe the pillars of as
much weight as possible. This is accomplished by a
methodical plan>to break the»superincumbent strata and allow
it to fall in the extracted area. In instances wheré a -
strong roof is present, this method will‘cause subsidence’
which closely'approachés the subsidence induced by longwall
mining. | | .

Room and‘pillar mining with partial extraction, that is

the pillars left in place, will produce subsidence of a
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- distinctly different nature. If pillars are of sufficient
size to support thé-overburden, any subsidence produced will
be restricted to failure of the immediate brOOf. ~ This
failure is»usuaily confined to strata ranging from a few
inches to sevefél,‘ﬁéﬁs off‘feet aﬁoﬁe the: working. if
pillars of a lesser size have been designed, these pillars
will "erush out" ahd'éMbsidencé will extehd’to the surface.

The ‘méthed ‘of mining: not only effects the ground
movements in subsidence, but the amplitude of subsidence.
Complete extraction, whether by longwall mining oriroqm and
pillar mining,"will. résulf ih greater subsidence than
extraction by roeem and pillar mining with pillars left in
place. Further, différing' sizes of the pillars left in
partial extraction mining may cause a qréater or. lesser
amplitude of:subSidence. If pillars are of sufficient size
to support the superjacent strata there will be negligible
ground movement above the immediate roof. If,'however, the
pillars, are not. of sufficient size, they will crush 6ut
allowin§ a greatef amount of subsidence, ‘but not éS‘much’as
complete extraction would induce. Because of this
relatidnship ‘between pillér size and the amplitude of
subsidence and the fact that as pillar sizes are.decreased,
percent extraction increases. It can be seen that in room
and pillar mining the percent extraction and the amplitude
of subsidence are directly related.

As in surface subsidence, amplitude of subsidence is an
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important factor in multiple seam interaction. This is
evident when one portion of a seam subsides and its relative
displaceﬁent frém the rest of the éeam is noted. -‘Holland,
1951, h@ted vértical displaceménts in coal beds from a few
inches to one or tWofﬁeét; as shown in'Eigure 5. In cases
of thin seams oVérlying:thick.seams, vertical displacéments
~of ﬁhis. sert could aétuaily cut a seam off, similiar to
faulting action.

No matter what ‘thé ,percentage extraétion, one . very
important facter is the unifoﬁmity of extraction. In the
case of eomplete.Etha¢tion, remnant pillars léft in gob
areas, and partial e;xtra‘;ct’i on, oversized pill ar‘é left in
areas that are ptherwisevcrushing out cankbe the seat of
such hiqhkstresses that the roadways of WOrkings above it
will be completely»destroyed and no éupport will be capéble
of retaining them (Stasen and VonADwyse, 1972).

It hés long been known that if an extracted. area in a
coal seam becomes large enough, surface subsidehce'will be
ihduced 'regardless of depth. This can be said of the
effects of subsidence in an superjacent coal seam as well.
$he'conditions and problems encountered in ndning‘zavéeam
which may be oﬁly 50 feet above one previously mined out are
thus found to be similar to those in upper seams as high- as
800 feet above the mined out seam (Lazor, 1965).

As in single seam mining, structural geology is an



Figure 5. Bending, Shearing and Readjustment of Level Caused
by Subsidence in the Lower Seam (Holland, 1951) -

LT
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important consideration, (Szwilski,,lQ?é). Teéténic forces
can be p;rezsent in ,sti'r‘at’a. " In vmu.l.,t,ip]‘..e seam miriing', the
‘stresseé andv di:splacements induced can ‘have an .additive
effect Gn:inheréht«ﬁlanes of weaknésses.

Thé:kiﬁh@io@Y‘@f*the strata in.tﬁe'innerburden is also an 
- important factor. The Shape of thé deme of caved material
ﬁ@rmedlbabave mine workings will depend mainly on the
variations of the ‘material in which it exists (Stemple,
1956). The 1lines of break afe more steeply ‘inclined; that
is, ﬁhezangle.oﬁgdmaw is less in hard rock such as sandstone
than in a soft vock such as shale. \

’Jahmson, 1973, states‘that fherpresence of an intervening
massivé~-bed' may have ﬁhe  effect of pa;tialiy vor even
completely nullifying ﬁhe'transferred effecté‘ﬁrom workings
in other seams.

The effects of geology can readily be seen by comparing
British subsidence data with ‘American data. The maximuﬁ
subsidence in Britain can be up to 90 percent of the
extracted.thicknéss, whereas in the United States 70 pércent
is a more rea;istic figure (Styler and Dunham, 1980). This
can be explained by the fact that the strata in the American
coalfields are dOminated by strong competent beds, while in
the British coalfields there were no beds strong énough to
have 'a hoticeable dampening effect on the hovements above
the face.

There is a difference of‘opinion concerning the effect of
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ektracted, seam height. nger, 1965, states that, within
normal limits, the thickness of the lower mined out seam has
litkle appﬁe@iéble »effeet on the upper ' seam mining.
HéweVer, it‘is‘@éﬁM§niy a¢éeptéd.that‘the vertical extent to
which ﬁhﬁ:-Q#é Eurdéh" ér“sn@éfja@Enﬁ strata are broken or
disﬁurﬁed,dbpenﬁﬁ on the‘thiekness of the seam‘previéusly
mined. In alstud@é @@nducted,by' Engineers International,
1979, it‘was'feund th§t up tb'a distance egual to 10 to 12
times the thickness of the extracted seam,  the strata is
broken and ﬁraetﬂréd; This would indicate that there is a
relétiohﬁhiﬁ*béﬁWéen:e%tracﬁed seam'height‘and(damage.

As ih,singke SEamimining; the thiékneas of overburden is
a factor .int‘maitiﬁle« seam mining. Stresses induced by
multiplerseam'mihing can be cOmpLicated and increased by a
larqe_cQVer load.

The last EECth‘inNolved in interaction is time. When
the mining of d superjacent coal séam is projected, it is
important to know just when the subsidence céused by the
mining of thé lower seam may be expected to be complete.
Most observations of the duration of subéidence héve been
made on: the surfageﬁ Observations have ranged from . six
months to 25 years. The factors involved in controlling thé
duration of subsidence are (Stemple, 1956):

- Depth of overburden, or innerburden.

- Nature of the strata.
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; Thinhe§s,@fkthe‘bed,mined.

ntitative design for multiple seam

‘mining is beyond the state of the art and is impractical due

to ever ¢ «gf.:gealaqical. eénditi@na,' a detailed

examinatiéh,éf;at ébiesliteratﬁre has led to the following

summary of successful techniques used to deal with problems

encountered.

Ehgvﬁirsﬁ dﬂ gn consideration in»multiplevseam‘mining is

 the time lépsé‘ﬁg é?sary to rélieVe stréss buildup in rock
stnata.and Egja;iewifof'settlement, In the_cése»of'mining a
seam of‘coél abcﬁega previously mined séam; thejtime period
for sﬁabilizatieh: is the time to fuli' subsidence. - This
period‘canyvamy from menths to many yéars. »Oﬁtimum‘Lagﬁtime
is leafned fromleXPeriehce in the local diétrict;'hpwever,
two years has‘éroVen,adequate in most mining situations. 1In
the case of mining a seam 6f coal below a previously mined
seam, ﬁime allowed between the mining of seams for strata
stabilization has‘little influence'(Engiheérs International
Inc., 1981).

In eithér: order of mining, columnization has proven
successful and is necessary when parting thickness is less

than 50 feet. Columnization, shown in Figure 6, consist of
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1972)

Columnization of Pillars (NCB,

Figure 6.



22

locating each pillar in the seam beiﬁg mined directly,aboVe
~or beléw‘ a eafnespendingf pillér in the previously ‘mined
seam.  Thefmethbereqpires that,pillaré of similar size and
shapefbe-ﬁseﬁ;ihﬁeach.seam. In the case ef’ndning above
'pmeviQMSiy miné§ G@al.SEams, sinee deéighedﬁpiilar~size is
proportional‘to:pilLar loading dr seam depfhf 'khe size of
the pillar ad@pteﬁ.ﬁer columnization will bétthat.designed
for the lowest seam. The pillars, éo‘ designed, are
oversized and feduce the recoverY'for the upper seém (Peng
and Chandra, 1980). | |

If pé&tial éxtraetigﬁ‘r@om and pillaf, was thefmethod of
mining in.ra.preﬁioﬁsly‘ndnedf lower seam, the upper seam
shouldx!be~ c@lumnized, as previously detailed. If total
,extraction, noém> and pillar was the method of mining,
adVantégé‘cah be»takén:bf destressed areas over gob,‘if the
gob is free of remnant pillars. Roadways can be located in
the destressed areas thereby eliminéting any chance of
producing a piston of‘gfound stresses through superimposed
pillars. |

Most of ﬁhe*'inférmation available concerﬁing multiple
seam lbngwail mining is British in origin. In’Britain the
most successful form of layout is to locate the present face
over the old gob, as in Figure 7. Location of the face in
such a destressed situation will promote excellent strata
control conditions in both the face and in the roadways.

This method, however, involves successively increasing the
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Figure 7. Layout of Rib Pillars for Extraction of
Successive Seams (King and Whittaker, 1970)
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size of rib pillars,‘whiéhfis~wasteful of reserves.
‘An ,aitafnative;_.Layaut, whiéh .incarporatgs reédway
. prétetﬁien'and‘c@ngérvéki@n of reserves, is to locate the

rémnant rib;piliax,d@wnfthe'eentral axis Qﬁ”therpresent face

as in Fi gure 8. U g this des:Lgn the fo llow1ng can be
 _achieved (Whlttaker and Pye, 1976): o

- Thé ﬁia?w@reéjcﬁeaied,by‘the previous miniﬂq are kept
intact'mu@hﬁbéttex,,siﬁceﬂthe ﬁacé is moving on.end relative
to the orientation .of the main vertical interaction
‘ﬁﬁ&@turés;j

- @niyfa.smail 1éngth.of face is‘affECted at‘oﬁeftime.

- G@nverEﬁge»dn tk¢,faee is not affected, providinglthe
iﬁteréétionlﬁractures~are kept.cohstrained.*

- A more even subsidence profile and more balanced strain
profile'éré producedIat the éuriace.

- The successive build up of localized high pressure
regions is avoidéd.'

The effects of previous mining are very importént when
mine~design is in aieas containing more than one mineable
seam - of coal, but éf equal importance are the effects
produced: on stiil other seams which may or may not be
economical at present but may become so in the futuré.
Hﬁsier, 1951, divided damage to superijacent seams of coal
iﬁto two cateéoriesé

‘-— Unavoidable damage to a s~uper’jacent‘ seam due to the

prior removal of a lower seam without provision for adequate
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RIB PILLAR

Figure 8. Remnant Pillars Located Down the Central
Axis of the Present Face (Whittaker and Pye, 1975)
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support.

- Avoidable demage tq a superjacent.seam due to remnant
pillars‘being,lefﬁ'in'bhe previously mined eeam along with
the nehuﬁiférﬁ‘exmgedﬁien,of thatiseam.

These eveigéﬁie<.@amage$» can be: eliminated with proper
d.e«s:—i.ggn: a:n:d' g:ezod. : ‘,o:pez;r‘a?ﬁi‘ng' procedures. In full ~e:x.t’r=a,c:ti,on
room and éiiier’mi4iﬁgirﬂbilaﬂd, 1951, states that besides
eliminatingi remnant"pillare, piliar lines should ‘be kept
long and straight to reduce shearing of overlying strata as
weil as to promote}’swbSidence by Ibendiﬁg rather than by

shearingu

2.3 Roof Strata Actions

The‘added. complexities produced by advances in mining
technology” in the"Last half century have led to the
develepmeht ‘of several approaches to ' strata movement,
incluiingr “beam theory; pressure arch theory; and dome
theory. These: theories employ the more fundamental concepts.
of strength of haterials, structural analysis and  soil
mechanics. ‘ Alcthough it appears unreali.stic to apply such
' Gohventional. techniques since strata are seldom of ideal
materials, are usually influenced by unspecified geologic
conditions, and are generally of complex geometry, they
still remain the only satisfactofy approaehes aveilable for
initially ettacking the problem (Adler, 1976).

Theieffects of an opening created in a seam of coal on



27
the overburden are as follows:
- At remote dist&nees above the working, subsidence may
occur on the sufﬁaee;
-_At‘imté@mediatevéistdn@95 &b@Ve'the working, a pressure.

dome or arch structure is formed.

- N@af the  wos “ggé; the immediate roof will deflect
dQWMward‘rnub¢@m ®r;§ﬁ‘$e action. If the immediate roof has
transvérSefﬁréétuxeéﬁ a voussoir arch may form.

Field observations have been made of cavities which have
become vaulted‘ or  peaked, femainingr stable withdut
artificiélj sﬁ@poft. These observatoins have led to the
ad@pﬁion’dffééveréllaréh ér dome theories.

The pressure aréh theéry was developed in Britain. The
distribution of forces in the wvicinity of narrow workings,
as in rcadW£y§j was &étermined as eariy as 1936»and is shown
in'Figurev9. ' The immediate roof bends downward and is freed
from the weight of the beds above. The weight is
transferred to the solid rib sides and a pressure arch is
developed above the excavation. The strata within this arch
is destressed.

For wide workings, as in longwall panels or pillaring
sections, one abutment can be visualized as resting on solid
coal and.the,other on the gob at some distance backvfrom the
solid coal as shown in Figure 10.

From British field observation, it has been determined

that the maximum possible width between the pressure arch
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Figure 9. Pressure Arch for Narrow
Opening (AIME, 1935-36)
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ébutménts genefally increéses with depth. Figure 11 plots
these obSérVed widths versus- depth of mining. = The maximum
width éf thé préssure arch can be calculated from  the

f@llowﬁng'empifical formula (Peele, 1941):

=
[

. 0.15 xD + 60 . . . . . . Eg. 1

’ where: - width of maximum pressure arch in feet

- depth of arch below surface in feet

o=
i

If the é:xc avatlon Wi;dth, exceeds the maximum width of the
préssure archf,:obf fxatturing'will occur and the load will
be transmitted directly to the pillars rather than to the
abutments. These pillars héy féil. under fhesé excessive
loads. |

The estimated peak pressure in the abutment‘zone due to
the pressure arch is shown in Figure 12. This graph shows
the wvariation of abutment stress with depth using the
maximum feasible arch that could exist at any distance below
~the»surface;(N-C.B.; 1954).

If mine workings are not driven with vaulted or peaked
roofs, the rdck‘ at the top of the opening often will
collapse. Caving will continue until the roof has assumed a
dome shape, after which equilibrium‘will bevreestablished.
This "dome theor?" ‘has been extensively examined and is

illustrated in Figure 13: This’figure represents the
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"Figure 13. Pressure Dome and Stress Trajectories
"Around a Drift (Dinsdale, 1935) '
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crOSSFSECtion ona.working} with the elliptitél cﬁrve being
termed the pressure ring. The hanging wall within the ring

is separated fram'th§ réGk‘outsi&e the ring as a result of

h@rizontal'Shéarmngfaﬁa7vertical tension and rests upon the

The pressure on the immediate

ribs and sﬂpﬁgrus‘wiﬁhin‘the pressure ring is.sﬁall;cempared
te the stre#Sgsva-shert distance insi&e<the pillars on each
side ef“vthev w@ﬁkingj The pressure on ther'supports is
proportional te the depth. | |

In the qené@aﬂ.*é&Se, the. dome above an excavation is
thrée-dﬁmeﬁSidhﬁl;idk%iving a formula to describe its shape
is dlfflCult ‘ The problem is therefore s‘imp.]‘.i,f‘ied to. the
tWo~dimension§i ‘éaéé; The.icross—sectional shape  of the
excavation iS‘detéﬁmined normal to the longitudinal axis as
shown in Figure 14.

From simple Statiés, the height of the dome can be

calculated as follows (Dinsdale, 1935):

h = (P / (8

]

H)) x (2 x L xS+ S x8S). . Eg.2

- height of dome
pressure on dome

- horizontal force
width of abutments

- span of opening

where:

o
mownonn



35

. ~ SURFACE

‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 14. 'E’*or‘ce‘s at Dome
Boundary (D‘elnkhaus, 11964) -
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For further 'eValmatién of dpme characteristics, a
distinction JmuSt be made between two possible  cases:
in@uifiéiently céheSiVe‘rbck in the dome and‘sufficiéntly
eehesiVé réek in:ﬁhé domef

If’tﬁe’rock‘133in5ﬁfficieﬁxlyvcehesive, a portion of the
cdre  efﬂ the dome will separaté gradually from the dome
b@undarvahiIe‘the sgah of the dome is being increased. Thé
relatioﬁshiééfbetween théfspan and the height of fhe dome is-

~as follows '(Denkaus, 1964):

s= 8xo0 xd/wx (1I-h/d) x log (1-h/d) . . Eq. 3
h =0.63xd ... ... Eqg. &

s = 29x¢ xd/w . ... Eg 5
s :

= span of dome (feet)
- height of dome (feet)
overburden (feet)
specific weight ‘
- uniaxial compressive strength (psi)

where:

L ERD
W nnn

If the rock is sufficiently cohesive, the core of the
deme,will.not‘seﬁarate from the dome boundary. The boundary
Qill therefore carry the weight of the core. If the span
becomes‘ too large, the weight of the core material - can

exceed the cohesive resistance and a sudden collapse of the
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éore,mﬁy‘occur.v The relationships betweén the span énd the
heiqht of the arch for tﬁis case are as follows (Denkaus,

1964):

8 = (Six ¢ xd/w) x (1 - h/d) . . Eqg. 6
S .

h =0.5x4 .. .. . . Eq. 7

S = (4 xas xd)y/w . . . . Eg. 8

In both cases;' sufficiently cohesive material or
insufficiently cohesive matéfiél; if the‘span exceeds the
limits given by these equations, the dome will fail.  This
failure could extend to the surface or in the case of
multiple seam ﬁining, certainly to a superjacent seam.
Wardell and Eynon, 1968, stated that at shallow depth and
fairly homogeneoﬁs and strong overburden, strata could shear
at  the abﬁtments and rather +than_ gradual subsidence,
complete and sudden collapse into the extraction area would
occur. Figure 15, is an example, illustrated by Holland,
1951, of‘maésive,innerburdeﬁ failure caused by removal of

underlying pillars.
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Figure 15. Massive Interseam Failure (Holland, 1951)
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Beam theory was developed in the early part of the
$wentieth Century. This theory was developed primarily to
explaih.surface subsidehae- However, presentlyvbeam theory
is being u.’s:,e:d to explaln some of the phenomena occurring
loser to “the ;exsévéti@nQ such as “thé. deformation and
failure of the immeaiatevreaflv

Beam theory'isréppmggri&te for roof analysis in bedded
formations inQWhichfthe beddiné plénes are relatively smooth
and flat. Because of the weak bond between beds, the roof
rock will, eithéi‘immediately‘or a short time after mining,
become dEtachéd{from the overlying rock and form'a Iayer.or'
beam which is loaded only by its own @eight. For analysis
it‘is,assumed that the mine roof behaves like avﬁody’loaded
beam, which can be a@proximated by a uniformly loaded beam
where the lead,iSNequal to the rock density multiplied by
the thickneés of the strata. For shallow mines,,the ﬁine‘
.roof is assumed to be equivalent to a simple beam. ‘For deep
mines, the mine roof is assumed to be equivalent to a beam
fixed at both ends. The following assumptions are made in
beam theory (Adler, 1976).

- 'f,h:e b‘e:a;.m is of a homogeneous, isotropic and elastic
material. |

- The beam is straight and has a uniform cross-sectional
area along an axis of symmefry.

- All loads and reactions are perpendicular to the axis

of the beam and lie 1in the same plane, which 1is a
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longitudinal plane‘of symmetry.

- The beam span is at.least‘twicevthe.béam,thicknesz.

If the length of a working is less thathwice itsiwidﬁh;
it must be ahalyzedfas a»thnee'dimensional probiém’based on
the m@réacqmpléx‘fiat’p£ate,thearyg

VIf‘the mine roof isfmadé“of two or more layers, two cases
must be c@nsidéredg - thicker or stiffer layers overlying
thinner laygrs; or, thinnér“ layers overlying' thicker er
stiffer layers. Both cases‘are illustfated,in‘Figure 16.

In the first case, each layer or bed'acts independently,
hence, the beds do not load each other. The  stfeés' and
d@flection in ea@h léyer can then Be calculated as for a
simple beam.

In the second casé, the lower layer is loaded by theb
upper ones and the additional loading must be. considered.

The concept of the voussoir arch was introduced into
miﬁing to accouht for the relati%e stability of rodf stiata
which are too broken to act simply as beams. Roof material
has been.vobserved to stand unsupported over laﬁée areas
while it is in such a state as to rule out the existence of
the tensile strength required by beam theory. The
principles which support this broken material are similar to
the principles involved in constructing masonary arches. It
has been found that the behavior of a brick beam closely

resembles that of certain types of roof met in practice.
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Sandbtone‘ roofs are p@fticularly' Siject to this actidn
(Adler, 1976). |

The ‘strataf m@vemgnts‘ discﬁSsed thus 3£ar:vhave ’beén

ed to strata in_‘§h¢ 4immediaté roof and strata of

fgsfvabEVé« the,kmimev WarkinQS} where a
p@gséuréﬂd@mevorjaﬁsh,Stnucturg is formed. At more reﬁgte
d&étances,.a q&ﬁﬁeﬁeﬁt méchaniSmuoccwﬁsj subsidénCe.v Most
of thé~éafly:reéeaféh-that Was’done”in the areavof ground
controlqwas undértaken specifiéally t0~under§tand‘subsidence
more ﬂull?iby |

Aléh@ugh» th& ﬁaét' that mining - could cﬁuse surface
swbsidenee‘hadibéeh;kﬁown,f@r centuries, no attempt was made
to sYstématieaily invesfigate the mechanisms which éause
éurface subsidence until the 1820's. At that time because
of widespread; movements an& subsequénti‘struCtural démage
suffered by ﬁhe city of Liege, Belgium, a research effort
was initiated. fhe most ndﬁable achievément of the Belgian
school of that era was the publication‘of.Gonot’s treatise
"Lor de La Normal" in 1871 (Karmis, Haycocks, Webb and
Triplett, 1981). ‘

The first'theory'of'mining subsidence which was generally
accepted was the vertical theory. This early nineteenth
century theory stated that the breaks or fractures in the
strata overlying an underground excavation occurred
vertically above the boundary of the mine workings. This

implied that the area effected by subsidence on the surface
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wasf in the case of horizontal seams, egual to the area
mined undErground and,kin the case of inclined seams, less
than the:areaeminea'uﬁ&ergfeund | Using~thi5'theory, pillars

were left unwerked vertlcally below bulldlngs whlch were to

be: pretected @EG:Si@nallY'pilL&rSLQf snzes»larqervthan.the
bulldlngs to be protected were left in place | This was
intended to prov1de a safety margln agalnst the crushlng and
deterioration of plllar edges and did not reflect any
anticipation of the:"draw effect".

Pillars designediuSing,this theory were too small and
failed to pxetedt Surfade structures_effectively. Because
of these  failures, British courts enacted laws whereby
Vextical‘pillars Werevfequired plus yards 0n~eithei side of
the area eﬁeqniring support. ThiS'fwas later increased to
-yafde'on either side cf the area requiring suﬁport, dueito
Stlll more failures (Shadbolt 1978).

At approx1mately the same time that the vertlcal theory
was being developed in Britein, Gonot was making field
observations -and Gonducting a study of subsidence in the
Leige regioﬁx ef 'Belgium. ‘It was generally accepted in
Belgium at that time there was a "harmless depth" of mining.
This harmless depth was taken to be 100 meters. If mining
was to take»place at’a depth of more than 100 meters, the
strata overlying the workings would support the surface and
no damage would take place. Gonot opposed this theory. He

suggested that the working of a coal seam resulted in lines
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of fracture at rlght angl.e:s to the i-n:c:linaf‘tion of the seam.
- He: argued _sufb.isii‘-d:e%nc-e would be ‘pr'e‘din_cjz:e:d' between ’t‘he
p.:r'o:j;e:e'"t:i.o.{n:s. "of:' thefse .Z‘L-'ine‘-s ‘at the Hisu;rf‘aeje . With level ’se.a:ms
Gonot's theery, the nermal theory, p}ne«jieee:tfedf the same
results asthe Vertlcal theory. H@wever when inclined seams
were mined, the two ‘_ theories differed. | The v-esrftfic:al theory
predicts damage : dlrectly above the workings whereas the
normal the.@‘ry predlcts damage on the down dip side of the
workings.

| The normal ' tfh»-\ezg»ry 1n1 tiated debate throughou,ti Europe.
German englneers, Schulz and Sparre, 1867 cri ticized it,
saylng that the nature of the strata played a role in the
orti,e;*nt-axt:io.ns, Qf.’ the bcr’a\c'kts . They sug;g.e,s‘fted that inclined
beds of sha:l,e would yfi'frac‘t'nr;e vertically, whereas in'clined'
beds of saa!n'd\s-tone- would fracture on the  dip side ‘n.o’rmally
and on the rise side vertically. Sparre suzg:;g.ested that each
stratum should be considered individually and the over all
fracture would lie between normal and vertical. A French
engineer, Cfal.l.on, suggested that when caving was practiced
bu:ik increased, de:pe:nd:i.ng on the manner and to what height
vt’h.e roof collapsed. ’Hae also sug:g.e:stedvvt'h‘a,t caving in a seam
with a weak roof would cause subsidence to widen out in a
funnel f‘a‘Shio&n, Where;as c*aV'ing in a seam with a hard roof
would cause subsidence to form a bell-s-h,aped* cavity as in
Figure 17.

An Austrian professor Rziha, 1882, was the first to
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suggest the fbrmatidns of a dome above mine workinés. He
stated thaf:when*rock‘is undermined it will étay‘undisturbed
until qravity exceeds cohesion. At that time the rock will

fail either by;ﬁailingv teéring,or both. With:time,‘a dome-
s-“fhfa-,p:éd‘ space 1s f@rmedmov1ng i away from the center of the
excavation thhuvéitigaLLyiénd:Iaterally. If the excavafion'
becomes Lar§E'éné&@h, this dome will extend to thevéurface;
‘The efféeted,surﬁaee éréa,w@uld_be-1arger'than the*aﬁea of
excavation if the excavation is sufficiently lafge. This
was the first use of the idea of‘"draw";

Rziha e@mﬁiderég_the:vertical settlement in subsidence to
be caused‘by a cambination of collapse  inte ah.excavétion
and aadéwatering.effECt on the overlying stﬁata. The latter
effect causes a decrease in volume. He believed that the
amplitude of ‘s@bsidehbe decreased with depth and that at
great depths there would be no effect on the surface.

The next: major work in the area of subsidence was
undert&ken in France. Fayol in 1885 published a paper which
some believe to be the most important contributién in  the
area of subsidence of the nineteenth century. = He conducted
investigations in three areas:

- Laboratory tests.

- Test on.physiéal models.

- Observations of surface movements above mine workings.
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Figure 17. Callon's Suggested Effects of
Rock Strength (after Shadbolt, 1978)
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In hlS ,l.albo:rat.ery test ‘h,e: 'exp'erim;en&t»:ed. ‘wi:th beams of
iren, Ganvas; rubber and wood suppdrted at both ends. He
allowed these beams to deflect under their ewnbweight.' He
@bs@rﬁéd&thaté | o
- The degree ' eef:; eurvature 1ncreased with the distance

.between supports

?Qen beams are stacked the lower beam bends more and
the upper beam bends less than 1f there were only one beam.

- The lowest beamn always bends. the nmst; curvature -
becomes lessias,the,distan@e'above the opening is increased:
and at a eertain'&istanﬁe;beams no longer deflect.

anel.een@ludéd ﬁrgm his beam exéeriments, that the lower
part ‘of‘ each' beam- lengthens more than ithe upper part.
Thereﬁore a‘beam pladedvan top of another beam is unable to
conform to the exaet.shape of theleWer beam. This causes
the points of suppert'to‘approach,each other as more beams
are added. Eventually the points of support centract'and
there is continuous contact between beams. These points of
support form a dome.

Fayol also conducted model tests in which he attempted to
reprbduce.on aasnall scale the movements of both the surface
and the intervening strata caused by mine workings. ‘In his
medel, Fayol used wooden laths which EOuld be removed to
represent the coal seam to be mined. The overlying strata
were artificially reproduced using layers of earth, sand,

clay and plaster. The effects he observed are shown in
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Figure 18.

Fayol's field observations were conducted in areas where
the ovemburden rangéa\ from 18 to 300 meters and the
extracted SEam'height ranged from 1.3 to 20 meters. From
his ébSExvatibn.h¢~QQ&@iuded; |

- When thin  seams are extracted at great depths,
subsidem@e:déVel@ped»ﬁéﬁuiaxiy over an areéa greatér'than the
area worked. |

- When thick seams are extracted at shallow depths,
subsidence o¢cu;red.suddenly and dramatically, as in block
collapse.

—‘Over the edgé of subsiding areas an area of extension
developed, surface cracks could,éppear;

Dickinson used the term "draw" for the first time in
1896. He defined b‘ dfaw as being the horizontal distance
between the extremevpoint of the subsidence and the vertical
projection of the mine workings. He attempted to relate the_
wéy in which ground movements developed to the action of
‘geological faults.

bErom the beginnihg‘ éf the TWentieth Century, more
attention was given to strata movement and the theories
discussed previously  were developed. This émphasis on
ground movement led to the divergence of thought on
subsidence prediction. While some matheﬁatically complex

analytical technigues were being developed, others were
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developing sophisticated empirical te@hhi@ues, -Analytical
techniqﬁeé wére deve;oped; based on concepts Vr&nging -from
c@ntinuum;“thé@my to stochastic  media. The most
c@mpméhensive-and.w&dely used empirical me@hod'was‘developed
in.Bmiﬁainvby theaNaﬁiqnal Coal Bea;d,’ This method is based
on data ’frOm surfacév surveys above longwall lworkings. in.
Britain. %hesg‘L@anaLl workings are at depths ranging_from
80 feet to 2,730 feet with width to depth ratios between
0.16 and more than 4. From this data, a number of tables
and graphs have"been compiled for use in predicting ground
movement at thé surface. The complete surface éUbsidence
pnefile along with the associated strain profile can bé
@btained'by foLLowing’thése graphs and cha:ts.

Other empirical methods are based on formulas, either
being profile functions or .influence functions. Profile
functions pertain to leng extracted‘ workiﬁgs which are
sufficiéntly wide such that the maximum possible subsidence
has occurred over the central axis of the working. :The
least width, such that this maximum is just attained, 1is
called the critical width; the smaller and larger widths are
called sub-critical and super-critical respectively and are
illustrated in Figure 19.

An influence function is an expression for the effect of
an element of extraction. It is supposed that the principle
of superposition can be applied so that the total effect of

all such elements is additive. The complete subsidence



51

y——

Supereritical

D O A 7 P P TS T

Critical

SL‘I?b‘G\ri?tf ical

Figure 19. Relationship Between Super,
Sub and’ Critical Workings (Berry, 1978)
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vpr@file~ for the ire - working can be .ébtained‘,by

integmating the*fﬁnctien,over the width of the working. An

advantage ofw ﬁbe*yi”v ence funetion appr@aCh‘ is that the

be over the whole area of
ence predictiens for extraction
regions of various

 area method, are adaptable to

particular, the 3z
computerization as shown by Marr, 1975 and Goodman, 1980.
Figure 20 summarizés ground movements from the mine

. When an underground opening is

werkihg‘ to thé"éﬁ

established, the original equilibrium is disturbed with

resultaht .stﬁgss{:é' trétiéns,~ While many factors are
invéiVedvin~the-epén @g's:stébility,'the span, undoubtedly
is one of&thé meSt important factors in failure. Assuming
the opening is ré1atiVely small, the overlying rock strata
can bridge aer@és‘théfopening and little if any movement of
the - tbp .and bottom will occur. However, as the span
increases, a pbinti is rééched where the stress in the
overlying rogk strata exceeds soﬁe strength value of the
rock and the top bréaks. If the opening span is limited to
some sub-critical value or is at great depth, ﬁ pseudo~afch
will fbrm‘achievingrsfability before rupture occurs to the
surface. ‘bﬁhe be@h@éry of this arch isi thought to
approximate an ellipse in form with the major axis vertical
and eQual to four times the span; there has been little .

~field research to substantiate this theory. kIf the
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width of this opening is increased at this horizon to some
critical value or the same span is created in a shallower

seam, the overlying strata will prbgréssively rupture to the

surface and the charaeueristic subsidence trough is formed

as in Figure 21 (Stefanko, 1973).

It is univer&aLLy‘reaégnized.that because of the highly
nonhomogeneous and anisotropic nature of geology, it is
impossible to achieve absolute certainty in the design and
eperation.‘of. an uhdeigrcund mine. - That the concepts of
prob&bility must form an integral part‘ of any rational
attempt to describe the nature of these things follows from
the realization that one must necessarily predict expected
performance of the geologic universe on the basis of past
experience or of a limited number of material tests (Wane,
Hassialis and Boshkov, 1964).

With the importance of statistical models understood, two
attempts to statistically analyze multiple seam interaction
‘factors and predict their effects on second seam mining will
be discussed.

The fi r=s-t.’ study was conducted by Dunham and Stace in
Brgg;g;“;;;yzggﬂ&ational Coal Board. The purpose of the
investigation was‘esséntially to define the influence of a
variety of interactive situations on the stébility of

underground excavations. Concentration of the study was
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placed in roadways and in _faées workea.,by the Lénqwall
method which is,predeminent'in Britain. |

A nuﬁbervof case stﬁdiesv@f’inxe%actién.situations were
anakymed; mainly in Bﬁitainfs northeast coélfields. A
ty@icai inté@a@#iéﬁiéiﬁm&ﬁi@y‘wﬁil~be-illwstrated.

Ehgeefﬁe@ts ﬁr@m*ﬁib ed@es; left in coal seams previously

mined on a subjacent gate rc@dw@y‘te an advancing longwall
panel, were méaéﬁréd; ingure 22 shows the location of the
preseht,workihgs rélative to the previous workings. Panel
R41 is a 212 yard long advancing longwall face worked in
seam R Instrumentatlen \mav;s set in the gate ro,adWa,y‘s of
this panel. Rib edges in seams P and M,which overlie seam R
are also shown. The vertical distances to seams P and M are
130 and 310 feet, respeétively.

Instrumentation consisted of 13 roof-floor convergence
stations lqcatedvin‘the main gate. Stations 1 through 4
wére located under both seam P and seam M gobs; Stations 5,
6 and 7 were located under the rib edge in seam M but under
the gbb of seam P. Stations 8 through 12 were located under
rib edges in both superjacent seéeams.

Ehe-reéults of thébmonitoring program are given in Figure
23, which plots mean working height against distance from
the face. A general closure 1is ‘ﬁoted at all stations;,
however, at stations 8 and 9 an increase in closure over the
previous stations is noted. These stations lie 15 and 40

feet, respectively, beyénd the solid rib in seam P. The
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worst effects were felt between stations 10 and 12, lying
100 and 230 ﬁéeﬁ; respectively, beyond the rib edge. .
Improvement in condition as the face advanced farther under |
the 5©lid‘é®ar‘invthe‘oVéﬁlying seams is illustrated by the
measumementé”atxsta#i@h L3;

The-fesﬂlt§VEEGMV&E1'éf the interaction sites suggested
that the major #&riﬁb&gs]effeeting the extent ofldamage are
as EOIIQWS{ |

- The~initial stability of the roadway.

- The vertical or perpendicular distance between the
affectingyrib'edge and the:roadWay.

- The geometryvaf tﬁe~aﬁfeeting rib edge.

- Thé,séqﬁence‘éf‘werking all seams in an area.

- The age factor.

.- The superimpositioen of two or more rib edgés,

To develép é Simﬁlef\mathematical model, four of the

variables were specified:

X1 = Initial stability.

X2 = Vertical seam interval.

X3 = Age of the rib edge.

X4 = Geometry of the rib.

To guantify the ihitial stabiiity of the roadway, Dunham
and;Staée used thejNCByMRDE.Roadway Nomogram. This nomogram
was originally preoduced to provide a broad prediction of the
type of conditions that could be experienced in a roadway.

A numerical value between 1 and 18 is assigned the roadway
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as%eSSment: or the initial SEability and is based on a
re&dway faetor, the eguivalent depth and, €hé rate of
advance. - The: neaaWéy assessment is'~divided  into three
@awagwriesi,
1-5 G@éé“cenaﬁti@ﬁé{

6 -10 Moderate conditions, maintenance required.

10-18 B@Qr conditions, heavy maintenance reguired.
The ve;’r;ti',cfaj_l i.thera;l. and the age of the rib edge were
measured in feet and years, respectively. The geometry of

the*ribvedée was»giVen'®ne of the following values:

i.=~$1ngié'rib ed@e.

i

= Narrow pillar, superimposed abutments.
3 = Isclétedrdr semi-isolated remnant pillars.

Muitiple,linear regression was used to analyze the data

~and the follewing predictive-modelvwaS'dgveloped:‘

Y = 0.546 + 0.084 x X1 - 0.003 x X2

- 0.015 x X3 + 1.427 x X4 . . . . EBg. 9

Y represents a scale roadway damage index ranging from 1
to 5, with:
1 = No effect.

2

H

~Sli@ht»measurable effect, but roadway stability is
uneffected.
3 = Moderate effect, requiring a small amount of

roadway maintenance.
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.&;5‘=:Rb§dw%y'damage is seriocus, heavy repair work will
be reguired. |

icients, it can be seen that the rib edge

~ From the ¢

qgﬁmém”ﬁ, is ,thg

The negative

not be tét,” -~¢d’ by‘ tne[ a&th@rs. One possible

: explanatlen W 4 be simply the sample size of the study,

only 21 cases were examined. Also the mathematical model

adequately_predicted the interaction damage in only 13 of

'I@:§h¢ e@hg en,Qf.their‘ﬁepért, the authors stress the
fimpartaﬁgévéf;ébﬁaiﬁing“moré data. Théy suggest that simple
measﬁring"gy%témﬁ‘cbuld be used to cover a large number of
sites. |

HRBASinger, inc,, under a contract from the United States
Bureau of - Mines, c@nducted‘another research project. This
préject attempted to' estimate . the impact' of c¢oal seam
interaction ron* thev Eastern Coal Province of the United
States; The primary objective of the study was tO'providé
estimates of expécted coal recovery, expressed as a
percentaqe of:the original in-situ reserves, when another
seam had been preVieuSly mined, either subjacent or
superiacént; ‘A further ijéctive, was to determine the
factors that effect thelrecovery of seams so as to minimize-
fUrther‘daMaqe; |

The study collected data from four mines located in West
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Virginia and Pennsylvania. In each of the mines, active
mining was - taklng ‘place in a second seam. The study

examlned beth

ing above and below previous workings.

Concent

o n @ne éifﬁ the test mines Whlch had been
undermlned prevlously The n-x:j‘.;ne, was divided into square
blodks‘, each of 16 acres. Fifty blocks were chosen as test
bl@c‘s]ﬁ:sé for the analys:Ls . For each bfl:O'?ng',, 43 observations
wgef:ﬁe msatde“ and an : ad ilt}i,e;n_at»l 20 va:-ri*i&b;l,e:s we-né calculated,
né@uitiﬁg,in“a ﬁé@al-éf”és variables.

Flrst a statlstlcal model was developed for 31 of the 50
test blocks These 31 blocks represented test blocks in
which ‘thes extractlen had not been tetal. The rationale was
that if pi;l'lavffs in the pré:vi,ou,s,ly mined seam had ;an‘ effect
on ctea.l; recovery in fh:e current seam, . then one could not
legitimately use variables describing these pillars if the
pillars had a;l;l been removed.

Of the 63 candidate variables, four variables were chosen
szt’att.i.s*tic’éyi:liy to predict percent extraction in the upper
seam. | They We:r»;“ev‘ identified as follow:

Xf'l;5 = Upper mine percent extraction (percent).

X37 = Previous mine percent extraction (pércent) .
X52 = Vertical distance between seams (feet).
X60 = Overburden above previbus mine (feet).
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X61 = Time elapsed between mining (years).
The following prediction equation was produced using

multiple linear regression:

X15 = 146.824 + 0.2718 x X37 + 0.2563 x X52

+ 0.0307 x X60 - 105.5506 x log X61 . . . . Eg. 10

The logarithm of Xﬁl, time elapsed, was uséd instead of
. X61 and the authors‘did not explain why this was done.

A sécond.statistical model Was built using all.50 of the
test blecks. The'samé procedure was»followed with the same
variables being foundvsignificant. The following prediction

equation was produced:

X15 = 191.823 + 0.2266 x X37 - 0.1583 x X52

+ 0.0158 x X60 -~ 105.8583 x log X6l . . . Eg. 11

In a review of the HRB-Singer report, Engineers
Internatiohél question the coefficients determinedr The
coefficient of the pre&ioué mine percent extraction was
0.2718 for the first equation and 0.2266 for the second
‘eguation. These positive coefficients indicate that the
higher the percent gxtraction in the lower previously mined
seam, the higher the percent extraction can be expected in
the upper seam. This may be reasonable for near total

extraction, indicating more uniform extraction, hence more
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uniform subsidence; for partial extraction, this
relationship seems doubtful. |

Next, consider  the coefficient of the vertical distance
between seams. | The coefficient determined for the first
equation’was 0;2562, while for the second equation it was
-0.1583. HR%FSinger'claim both results are significant at
varying levels. There is some question how a coefficient
can be significant while positive yet still be significant
while negative. A positive | ccefficient would seem
- reasonable.

The last ceefficient in both regression equations is the
coefficient for the logarithm of time. In both equations
the'coéfficient is approximately -105. The negative sign is
again troublesome. ' This would indicate that«mining should
take place in an upper seam as socn as possiblé after the
extraction of the lower seam. This is contrary to
established mining practice.

HRB-Singer state that these regression equations are mine
specific and new équations would have to be developed for
each new multiple seam mine. This severely iimits their

applicability to new mine désign.



III. Case Studies

In order to analyzé the effects of subsidence in multiple
seam mining, casé studies were <collected from published
litera@ure3 In all, 60 case studies were collected and
analyzed. Mbst of the situations described were from the
Appalachian Coal Eields,.in particular, frem the states of
West Viréinia‘and Pennsylvania. Foreign ¢tase stﬁdies were
also ’examinéd} Several British studies, which involved
instrumentation_in longwall gate roadways. or in room pillar
workihgs above active Longwall panels, were examined and
found to‘be»vefy"useful. Canadian studies of both coal and
uranium multiple seam mines were examined as well as
American studies:’conducted in western states,blincluding
Wyoming and Utah.

Several examples of the case studies collected will be

presented.
3.1 Case Study No. 1

This case study is typical in that the mines discussed
are located.in West Virginia (Peng and Chandra, 1980).‘ It
is, however, one of the few case studies in the Appalachian
region. in which the mining method used in the lower
previously mined seam was longwall. This lower seam, the

Eagle Seam, 1is approximately seven feet in height and had

been worked extensively by longwall methods. The upper

65
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seam, the Campbell Creek Seam, is appfbximately‘six and one-
half feet in height. Mining in this seam is relatively new’
and mostxof the mining that had been completed had been by
room and piilar' méﬁhods. Longwall methods were however
being used in the area ef’theaatﬂdw.

The innerburden ki,s" apro:xiﬁa*tely 190 feet thick. The
geologic sectien, which conaists primarily of sandstones and
shales,visailluStﬁated in Figure 24. The overburden varies
considerably because of mountainous terrain;

Ina1977 a lengwall.panel'was driven in thé‘upper seam
over a longwall vpanel in the lower seam that had been
emtragteduin 1971. The immediate roof was a shale 15 feet
in thickness. The overbur&en above the upper Seam was on
the order of 1,100 feet.

' Over the gob éf‘the lower panel, the qparterly advance
rate had.averaged 400 feet. As the rib edge was reached the
advance rate had droppad to 115 feet. At approximately 180
feet beyond the’rib edge, roof control problems became so
acute that the face could no longer be advanced and the
eqyipment had to be removed by rescue entries, as .
illustrated in Figure 25. The angle from the lower seam rib
edge to where the face became stuck is above 40 degrees,
this is higher thanvwould be expected or would be predicted
from surface subsidence studiés in the Appalachian coal

fields.
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Figure 24. Geological Column of Case
Study No. 1 (Peng and Chandra, 1980)
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3.2 Case Study No. 2 (Farmer)

Gase‘ Study 2 is British in oriqin.e Earmer;‘ 1580?
conducted the study at Lynemouth Colllery to. determlne
ground movements above a longwall face Actlve m1n1ng wasf
'taklng place in the Brass Thill Seam which lies 160 meters
below the sea bed and 200 meters below mean sea level. The
worklnqs in the Brass Thill Seéam are overlain by ‘old room
and pillar workKings in the Main Seam 75 meters‘ above.
‘Figure 26 illustrates the geological column ofd the
innerburden. The workings presented an ideal opportnnity
for observation_of strata deformation above a Longwall.face.,‘

The first face to be extracted in the Brass Thill seam
was»desicnated.as'K4u The extraction height:wasdl,G neters;K
The Main Seambabove had been worked apprOximately i3iyears
iprior: |

Instrumentation above panel K4 consisted of tWo.vertical
drili holes, drilled to a depth of nearly' 70 meters, to
within 5 neters of the Brass Thill Seam. Wire extensometers
were installed in the holes and anchored at approximately 10-
meter intervals. Both holes were located on .the panels
center line with the first hole; DlL\ZS meters, and the
second hole, D2, 100 meters from the  face start ‘line:
Horizontal boreholes were also drilled into pillars to

determine pillar deformation. Convergence stations were
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Figure 26. Geological Column of Case Study
No. 2 (Hodkin, Dunham and Farmer, 1980)
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also installed ét junctions éﬁd in roédways.
Instrumenfation is shown in Figure 27. Relative vertical
settlements ﬁrom ﬁ1 énd‘E2 are 1illustrated in Figuré 28.
The apparéntfuﬁligtvo£‘the‘lower strata can bevseen as a
'qeeméﬂricai, n@théf;)thén»,a‘ qe@techhiéal fﬁeature resulting
fx@mvlower'seﬂtlement rates in the higher laYers. -Figure 29
ilLuStrates thé subsidence profile measured as compared to
NGB predicted subsidence. The measured subsidence is
substantially less than the predicted values. A possible
explahation presented by' the authors is that the large
tensile strains méaSﬁred;Sngést‘bed separatiOn is occurring

and thus smaller subsidence is occurring.

3.3 Case Study No. 3 (Aga

bito et al)

In 1976, Agapito, Bennett and Hunter, conducted a rock
mechanics study at the Big Island Trona Mine in Wyoming to 
determine the feasibility of mining two superimposed, 10
foot.thick1ltrona seams. Trona is a mineral uéed to produce
soda ash. Mining in the trona seam is conducted by partial
extraction room and pillar methods with conventional
eguipment. |

In the lower seam, which lies 850 feet below the surface,
extraction beqanﬁ in 1962. Mining is designed for vfull
overburdenbsupport with extraction at 60 percent. In 1975

extraction began in the upper seam, 33 feet above the
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lower seam. The innerburden consists of marlstones and
shales, as shown in Figure 30.

A  test panél waé mined in the upper seam, with
superimposed pillars, three yeafs after the lower séam had
‘been extracted. Ehe’objeﬁﬁives of the program were:

- E&rSﬁg to‘ m@nitor“stability and éhSuref safety of
personnel and equipment.

- Second, to‘obtain basic‘design information for future
mine designs in&olving higher extractions.

Single-point bqréholefextensometer measurements were made
at different levels both from the roof of the lower bed and
from the floor of the upper bed. Upper bed hining induced
an immediate mo&ement. Total‘displacements were small, with
a maximum of 0.25 inches. This maximum measurement is as of
two months after the upper seam had been mined. ' Regular
énspections of the upper and lower panelé indicated sound
structural conditions. Upper bed blasting did however,
induce spalling of loose roof slabs and pillar corners in
the lower bed panel. Damage was minor but safety
considerations precluded personnel entering the lower panel
while mining was taking place in the upper bed. From these
observations it was concluded that concurrent upper and
lower seam mining should not be conducted with the miﬁing
faces less than 300 feet apart horizontally.

Future plans at the Big Island Trona Mine include

continuing to monitor displacements and strains in pillars
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Figure 30. Geological Column of Case Study
No. 3 (Agapito, Bennett and Hunter, 1979)
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with progressively higher extractions to determine optimum

safe extraction ratios.
3.4 Case Study No. 4 (Hasler)

Case study & is more typical of the case studies
analyzéd. The mine under consideration is located‘ in
Cambria County, Pennsylvania, (Hasler, 1951). Figure 31
illustrates the geoclogical column of the‘reqion. There are
many seams of coal in the region. In this particular case
- study the lower séam, the Lower Kittanning Seam, had been
mined before the ﬁpper seam, the Upper Freeport Seam. Both
seams were approximately 42 inches in height. The
innerburden was 180 feet thick and consisted ‘mostly of
shales with somelsandstone and coals.

The lower seam had been mined approximately two years
befOre.extraction of the same area in the upper seam began.
Extraction in both seams was by room and pillar methods.
Some areas of the lower seam had been pillared while in
other areas pillars had been left in place. The upper seam
pillars were.columnized over pillars in the lbwer seam. |

In areas wherebpillars had been left in the lower seam
for support, no problems occuﬁred in the upper seam othef
than a marked reduction in the amount of water encountered.
Major disturbances occurred, however, in the upper bed over

areas where the underlying bed had been pillared.
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3.5 Case Study No. 5 (Stemple)

CGase study 5»is‘ai50 typical. The‘mine is located in
M@m@nqalié ébuﬁty,'Wést Virginia (Stemple, 1956). The lower
seam, the P:Lttsburgh ,S,,Vefam‘, ‘ha}zd; been exztir'azc;t:ed: 'f:’i.ve yéza,rs
rprier te the extradtiqh of the upper seam, the Sewickley
Seam; Eﬁel'Eittébﬁrgh  Seam avefageé 96 _inehes in height.i
The Sewidkley Seam lies 85 feet,abdve the Pittsburgh Seam.
The innerburden i;'primarily shale and is illustrated in
Eigurée 32. The overburden above the Sewickley Seam is
appm@ximately'éeo ﬁéet'thiCR; Extraction infthelPittsbufgh
Séam' had" been. by~ room and pillar methods,‘with, overall
extréﬁtién‘aboutJeo pefCent. Somevéreas, however, had been
robbed #nd. therefore localized areas of totél extraction
existed.

Uppef seam workings, which were not alignéd with thev
lower seam workings, ﬁet with varying degrees éf success.
No disturbance was felt in the upper seam over areas where
the pillars were left in the lower seam. In areas above the
robbed sec¢tions of thé Pittsburgh Seam, the floor, qoal and
roof were found to be fractured.  Figure 33 overlays
workings from both‘seams. It can be seen that as the upper
seam workings approached the robbed area of the lower seam,
bad top vconditidns developed and the mining had to be

stopped.
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el Development

V.

In én*attempt to grediet multiple seam mining problems in
the"Appala@hian. Gaal Field, the caée, studies that were
collected wexezanalyzed; Of the 60 case studies collected,
44 were from this're@ien.’ Only‘these 44 studies were used
‘in the analysis.

E@r"eaeh; of the 44 case studies, a damage level was
assiqnéd using a six péint scale as follows:

0 =:No damagé.

1

Eractures present in the upper seam
kn@ roof prbblems associated).
2 = Fractures with movement viéibleq
3 = Roof préblems encountered.
4 = Major roof problems encountered
(entire entries caved).
"5 =:Cbalbabandoned due to roof control pfoblems.
For the analysis, this damage ievel was correlated with
the following factors:
- Innerburden thickness.
- Percent sandstone or "hardrock" in the innerburden.
- Perdent extraction of the lower previously mined seam.
- Lower seam height, |
- Time.
- Overburden above the upper seam.

Tables 2 through 6 contain the data collected from the
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Table 2A. Case Studies

% % SEAM  TIME OVER- DAMAGE
AND- EXTRAC- HEIGH " BURDEN
(INCHES)(YEARS) (FEET)

STEMPLE 50 30 70 52 1 800 2
STEMPLE 230 65 65 42 6 650 1
STEMPLE 125 70 70 45 1 375 0
STEMPLE 75 45 65 68 0.5 150’ 4
STEMPLE 70 55 65 53 0.5 500 1
STEMPLE 65 7 70 46 3 220 2
STEMPLE 65 30 60 62 1 80 0
STEMPLE 350 50 60 54 0.5 175 o

STEMPLE 350 gc 90 54 0.5 175 - 4
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Table 2B. Case Studies
TIME - OVER- DAMAGE

n oues
S) (YEARS) (FEET)

HASLERv  1&@"‘.‘_4@ 80 38 o 00 4
HASLER 145 40 65 38 10 350 1
HASLER 145 40 85 38 0 350 4
HASLER 180 20 70 - 42 2 725 1
HASLER 43 10 80 40 0 250 5
HASLER 42 10 85 51 12 175 2
HASLER 42 1o 85 51 o 175 s
HASLER 45 10 85 a2 0 300 5

PENG & 23 5 85 as 10 - 300 5
CHARDRA ' o
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Table 2C. Case Studies
TIME OVER-

: BURDEN
) (YEARS) - (FEET)

DAMAGE

300 50 65 68 10 600 0

190 60 90 84 6 110 5

STEMPLE 145 50 90 54 12 259~ 1
STEMPLE = 510 50 80 57 10 200 1
STEMPLE 65 50 75 68 5 375 3
STEMPLE 470 15 - 90 90 9 150 3
STEMPLE 300 50 80 1§5 9 | 400 2
STEMPLE 275 50 9 40 4 50 2

STEMPLE 420 35 50 44 17 150 0O
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Table 2P. Case Studies

TIME OV

C- HEIGHT

_ (iﬁCHES)(YEARS) (E

STEMPLE 65 60 80 a4 15 400
SEEMPLE’ 40 1@@‘ 75 51 15 230
STEMPLE 900 40 90 48 35 200
STEMPLE 95 5 88 36 20 300
STEMPLE 40 o 85 57 10 300
STEMPLE 140 15 90 38 7 620
STEMPLE 150 10 50 44 5 125
STEMPLE 80 | 15 60 96 5 400

STEMPLE 80 15 85 96 5 200
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Table 2E. Case Studies

% % SEAM TIME OVER- ~ DAMAGE
'SAND-- EXTRAC- HEIGHT BURDEN
STONE TION (INCHES)(YEARS) (FEET)

STEMPLE 145 7 65 72 9 300 0
STEMPLE 100 Orb‘ 65 72 | 9 350" 0
STEMPLE 150 30 80 48 3 150 3
STEMPLE - 150 30 - 80 48 b | 150 2
STEMPLE 210 15 ‘75. 42 i 2 750 3
STEMPLE 11 0 75 42 0] .750 5
STEMPLE - 100 50 | 65 60 25 200 o

STEMPLE 50 90 &8 60 20 600 3
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case studies. Plots of the data were made to Séé if trends
or relationships were present. From early pLots'it became
_ obvious thatrpefcehi éxtractidnAWas the dominant factdr aﬁd
that to deyeiéﬁirnelationships, ~other factors should be
p&ottéd égaingfjpﬁeéent,exxﬁaaﬁiqn. These plots are shown
in Appendix A. ’Erbm these plots it became obvious that a
quantitative‘lével_ef démége could not be predicted from the:
data. A pattern couldv h@Wever, be seen ih all»plots extept
overburden versus percent'extraction; therefbre, overburden
waé*eliminated ﬁrbh the model. 7

Each plot could be divided into two areas; no appreqiable.
damage conSiStinq of levels of démaqe 0 no damage and 1
fractures présént but no foéf’ problems assoéiated; and.
damage ’consisting of all higher levels of damage. - This
pattern or natural grouping was later varified statistically
by ciuster analysis. |

Cluster'analysis is a techniqﬁe used in many empirical
fields to identify groups or clusters of data which are
similar. Each individual data point dr case study may be
represented by a peint 1in a multidimensional Euclidean
space. The technique attempts to group these pbints into
disjoint sets which it is hoped will correspond to marked
features of the sample (Gower, 1967). Cluster analysis is_
~ often used where large arrays of data have been collected
but strong theoretical structures, which might otherwise

guide the analysis are lacking; the problem is then one of
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diScovetiﬁg'whéthér there is any structure inherent»in»the
.data;(iohHSOn, 1367), The procedure is detailed in Appendix
B. |

This ciustering» 6?' natural grouping = indicates that,
ah@hd@@h.éﬁé éxaéf dé@méEAGf”damagE~¢ann0t bekpredicted from
the included Qariabies;ba.useful seﬁaratién‘in'the’data does
’exist.i This separatién,divides damage into two subgroups,
no appreciableﬁdémage'énd damage. No appreciable damage is
"defined as no harmful. effects on second seam mining.
Eighres 34‘thrdugh 37 illustrate the pattern for each of the
variables plottedﬁagéinst peréent extraction.

In order to develop a model invelving more than two
variables, ‘thése“patterns had te be inter-related. Many
methedﬁ‘,were attemptéd‘ but the following proved most
successful. The first variables to be inter-related were
innerbuﬁden thickness and seam héight. This  was
agcompliShed by creating a ratio of innerburden thickness to
seam height. This ratio was plotted against percent
extraction. Figure 38 illustrates that with three variables
inter-related, a separation is still apparent. .

Time'W&Svthe‘next factor to be included in the model. A
multiplicative relationship was assumed. The innerburden to
seam height ratio was multiplied by time and plotted versus
percent extractioﬁ, In Figure 39 it can be seen that with
" this combination of the four incIudéd.variables most of the

variability in the model can be explained. . From this point
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a nomogram 'was  developed with another factor, percent
‘sandstone or.hardrock, to be~included in the model later.
Erém Eiguﬁe'39 an equation was developed involving the

follewing variables:

Innerburden thickness.

Seam height.

- Time.

: Percent‘extractiond

This equation represents the boundary between no
appreciable damageband damage. It was produced by multiple
liﬁeariregreSSién, >CéLCULations are shown in Appendix C.

The resulting eguation is as follows:

1239 = 18.83 x X - Y . . . . Eq. 12

where: percent extraction

- (innerburden/seam height) x time

w4

‘This equation could be expressed in a form so ‘as to

‘produce a damage factor as follows:

DE = 1239 + ¥ - 18.83 x X . . . Eg. 13

where: DF = damage factor
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This damage factor could be i.nte:rpreat‘e.d -as " a Sfazfe.‘tyv

factor. When the factor is positive, no i;ntfe,r'aaét.ion

factor can th be interpreted as a degree of damage but

rather as a d::e;g%r;-efe. ~of certainty that damage will effect
upper seam mining.

For ease of Ca.lculati.c)n, a nomogram was produced as shown
in Flgure 40. For ease of construction and u:s:ef, equation 13

was modified to:

DF = 620 + 0.5 x ¥ - 9.42 x X . . . Eqg. 14

T:h,e-vmro.deél. did, however, show some variance that could not
be explained by the- factor.s involved. 'No attempt had been
made, thus far,' to correlate geology with damage. To do
t-hié, the cﬂ.g.l»cu:l a‘t».te-d damage factor was plotted wversus
percent sandstone or hardrock. From Figure 41,, it became
apparent that pe:r'C'_e:nt sandstone was a f’aptor. A rotation
was present in t;hje plot. For stable conditions, higher
positive damage factors were needed for "low percent

sandstone than were needed for higher percent sandstone. A



98

SEAM HEIGHT RATIC

TO

EN

INNERBURD

oct -

00t

08 1
0l 1

091

os 4

ob 1

0¢

0T

t

e
+

4l
™

T N O~ Dn®
.
T

60
79

™t

bibdd g b il

it

o't
%0

9'0
§'o

Vo
L (*0

20

1000

900 4

800 4=

100 1

600: .

3

,m

.
T
\

¥OLOVE I0VWVa

-109- T

-200

-300 +
-400

TIME ( YEARS)

Nomogram

Figure 40.



PA-ODT MODIDO

250

3
4
4
3
4
p
4
3

99

. [ )
-100Js o o
,éi o
1. c
~150 °
1
3 ° o
1
od. (]
i
-2504
~3009 .
300 I ————--—-— L - ,
0 100 20 30 40 S0 60 70 80 g0 100

PERCENT SANOSTONE

LEGEND: DAMAGE +++0 4+ ° 2
6 0.0 3 o o o o 5

FIGURE 41. DAMAGE FACTOR VERSUS PEACENT SANDSTONE

o o
e O

1
4y



100
simple linear relationship for the adjustment was developed

as follows: . v

]
0]
(@]

~

ADF = DF + (Z Eg. 15

‘"s@ed:damage factor
ent sandstone or hardrock

where: E@f

i

With the model now complete, the Adjusted Damage Factor
predicts damage to an upper seam in all but 3 of the 44 case
studies analyzédf Although the exact extent of the damage
is not predictéd by the ﬁ@del, the presence of damage is
predicted in 93 percent»of'the case studies. Appendix D

contains an example of the model's use.



To determine the factors which govern damage, caused by
subsid’en.cé , in multiple seam mining an understanding of
strata thV'émtenjcf~S" éb;o;ve, mine workings was nﬁe;c;:'ef_s»sla.fy.

The creatlon of a void or working in a seam of coal by
undie.engno,‘u.nd" m1n1ng produces a disturbance in the natural
stress field. The effect of the stress ch{;\a:n.g‘tes ‘cause strata
deformation and d%is‘pgl,aacem-en:t which, depending on the
dimensions of the open'ing, can extend to the surface. When
a void of sufficient size is made, the immediate roof breaks
and falls i:-'ra.vto the cavity. The collapsing, or caving,
m‘:a.t»zeir'ia;.l' is in the. form‘ of broken blocﬁks and therefore:
i‘ncfr,e;;a'.sze«s ' 1n bulk and occupies a gre:ate«rv volume. At a
helght of 10 to 1‘15:‘ times the extracted seam height, caving
stops. This caved material offers some support to the
dve:rlying, beds of rocks and bed separation occurs. Upper
beds tend to sag uniformly like a continuous beam and assume
a fairly regular 'tr,ough—sha-ped curve which continues to
develop to tfﬁ.e | su;r'face. Figure 20 summar*izes ground
move-mevnté. from the excavation to the surface.

Once strata movements above‘ undergr.ound‘ W-or'kings . were
understood, case studies were analyzed to determine the
factors whlch control damage to an upper seam. From this
study, the following factdr;s were determined £o be relevant:

- Innerburden thickness.

- Percent sandstone or hardrock of the innerburden.

101
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-,Ektractéd5héight of the lower seam.
-vEércent extfaction of the lower seam.
-VTimea |

Hav1ng deteraned the controlllng factors a mddel'was

: bullt whlch predlcts when damage to an» upper . seam will
effect mlnlng in that seam. The'model accurately prédicted
damage in 41 of th@~ 44 case studies collected from
Appalachian c@alfiel&a.

The modal was designed not to be used to predict an exact
gquantitative level of damage, but t{.Ob be used as a design
teol based on past experience to determine when interaction
iproblems will have to.-be dealt with. As in all predictive
models ‘basedr éﬁ experience in one geologic region;
suecessful applicatien should be confined to that region.
The principles and factors involved in other regions would
be the samé; hawever, the relationships could wvary, thus
rendering the ﬁodel less accurate.

If the model predicts that @amage is likely in an upper
seam, it is not the author's intent to suggest that the seam
is unminable, but rather that interaction should be
considered in the mine layout. Case studies indicate that
shear fractures are induced above remnant pillars and above
solid coal rib edges. These areas, allowing’for the effects
of draw, should be identified in the upper seam and mine
layout should reflect their existence. Other problems

caused by tension cracks and by bed separation should be
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c "on«s::if._.d,e;re:.d : ‘-a-,l so
'I'he accuracy of the model suggests that the vap»p'r'o'ach" used
is v~:i.r-;zaéb.l.ev and that m@dié»l results can ba ‘a;IV?QP-;lji ed with

confidence in the Appalachian coalfields.



VI. Conclusions and Recommendations |

6.1 Canlusiqns

Based on the findings of this ‘research the following:
conclusions can be made:

1) The effects of lower seam mining on an upper seam can
be.grouped,statistically into two groups:

vl) No appreciable damage.
2) Damage.

2) Using this grouping, prediction of when to anticipate
intéraction prmblemS'iﬁfan upper seam is possible, given the
following Variables;v

1) Innerburden thicknesé.

2) Percent sandstone of innerburden.

3) Extracted seam height.r

4) Percent extraction of the lower seam.
5) Time lapse.

3) As in surféce subsidence, there is no harmless depth.
Case studies have reported damage 1in upper seams where
innerburden has been aé much 900 - feet while other case
studies have indicated no damage with innerburden as small
as €5 feet.

4) Percent extraction of the lower seam is a dOminating
factor. If percent extraction is held below a limiting
value, case studies suggests that for room and pillarvmining

methods, the roof will arch and only minimal subsidence will
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océur in beds above the height of caving. If extraction is
below this 'liﬁiting"valué' (appro#imétely 65 percent) and
extracﬁion is uniform, démage shéuld not be anticipated in

seams above the height of caving.

6.2 Recommend

In. areas like Ehe Appalachian region where mining
operations havé. beén~ active for many years, predictive
models based on paSt experience are very useful. In areas
where mining is relatively new, however, a large enough data
base would ‘ﬁot“ be available to adeguately predict
conditions. With the‘need to predict interaction problems
not only in established mining fields but in new coal fields
as well, a method not based on past experience but on a
theoretical understanding of the mechanisms involved is
necessary.

Any theoretical approach to interaction problems must
leadbdirectly to an estimation of deformation since this is
the significant factor that influences miningf A knowledge
of étress fields is of little practical use if it cannot be
correlated with deformations.

The Appalachian coalfields present | an exdellent
opportunity to study both interaction problems. and surface
subsidence above room and pillar workings. If surface
subsidence troughs and the displacements = and strains

associated could be predicted, they could be correlated with
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pteviously collected interaction
data base and a minimal amount
active multiple seam operations,
based on displacement and strain.
thenAppaLaehian reqion'couldithen

other regions.

case studies. With this
of field measufements ih
damage could be predicted
The knowledge acquired in

be more easily applied to



'REFERENCES

>roach- Prellmlnary and

M. €., "Greund Control in Bedded

A U, Bulletin 28 1976.

J;'WL and Hunter, J. P

ai G mpany of Wyomlng," Proc
®n Rock Mechanlcs, Statellne,

. 1n Berd and Plllar Whole
. 91 1935 36, p 349 .

Vol. 1@3
’AlLeoek,vH; and anes, J. R.,

_ Nomogram, Sir Isaac
Pitman & Sons, LT

, London, 193 ,:pp} 1-73.

Berry, D. 8., "Progress in
Movements Due to Mlnlng,
Large Grou
1978, pp. 781 811

Analys1s of Ground
Conference of
Cardiff, Wales,

Davis, D. S., X Traphy : Reinold
Publishing Cérperatlon, New York 1955 pp 151 162.

Denkhaus 'H. G,, "A Cr1t1cal Review of Strata Movement

2k Afrlcan Instltute of Mlnlng and»
1964, pp. 310-328.

»g‘; March

Dinsdale, J. R. "Ground Pressure and Pressure Profiles
Bround Mlnlng Excavatlons, Colliery Eng., Vol. 12,
1985, pp. 406-409. ‘

Dunham, R. K. and Stace, R. L., "Interaction Problems in
Multi-Seam Mining," Proc. 19th Symp. on Rock Mech.,

1
Mackay Sch. of Mines, Vol. 1, 1978, pp. 174-179.

107



3"_S@&biliﬁy,in‘Underqround
‘teria," Report to N.C.B.,

1967) pp; 6234537-

Pec.

H. H., "Simultaneous vs. Consecutive Working of
sk" Tt‘ns Aime, Mlnln Englneerln , May, 1951,

yrmance Report, Prepared for
Mining, 0.5.M. Grant No.

July 1981, 33 PP.

G» E;, "Ees1gn Guidelines for Multi-Seam
anmet Report, Canada Center
1978 25 pp.

forjMineral Energy Technology,

v Hodkln, D. L., Dunham, R. K. and Farmer, I. W.,
"Deformation of Coal Measures Strata Above a Retreating
Longwall Face," 20th Sympesium of Rock Mechanics, 1979,

pp. 517-522.

Holland, C. T., "Multiple-Seam Mining," Coal Age, Aug.
1951, pp 89-93. -

HRB-Singer, Inc. "The Impact of Overmining on the Eastern
. Und rground. Coal Reserve Base," Final Rept. 1976 on
e : JO357129 to USBM, NTIS, Springfield, VA.
P1262518 302 PP .-

Johnsen G., "Rock Mechanics a Nomogram for the
Assessment of R@adway Conditions," Colliery Guardian,
Jan. 1973, Vol. 221, No. 1 pp. 16-20.

Johnson., ‘S. c., "Hierarchical Clustering Schemes,"
Psychometrika, Vol. 32, No. 3, Sept. 1967, pp. 241-254.




109

'C., Webb, B. and Trlplett T., "The
Area Method for ‘Mining, Subs1dence

AL S
Layouts
ce, London

1ed Out Lower Seams,"
5, pp. 75-77.

Marr, J. E., "Application of the Zone Area System to the
Predlctlon of Mining Subsidence," Min. Eng., Vol 135,
No. 176, 1975, pp. 53-62.

‘gionai Stress Control Research Committee
: 3] and Northern Divisions
ing in Adjacent Seams Upon

IME Vol. 113, 1954, p 398.

New Developments,

Peele R., ed.
New York 1941

Mining Engineer's Handbook, John Wiley,

Peng( S. S. . and Chandra U., "Getting the Most From
Multiple- ‘Seam Reserves, " Coal Mining and Processing,
Nov. 1980, pp 78-84. o

Sz S. 'and. Cheng, s. L., "Predlctlon of Surface

xeport No TR 80 5 Dept of Mining
West Virginia University, Morgantown, Dec.

Shadbolt, C. H., "Mining Subsidence-Historical Review and
State of the Art, " Proceedings, Conf. Large Ground
' men and Structures, Cardiff, Wales, 1978, pp.

Stassen, P. and van Duyse, H., "Harmful Influence of
Faces on the Roadways in a Colliery Layout, and Methods
of R duc1ng Them, 5th International Strata Control
C 1972, pp. 1-8.

Stefanko, R., "Subsidence and Ground Movement," SME
Mining Eng;neerinquandbook, Cummings, A. R. and Given,
I. A., (eds.), New York, 1973, Chap. 13, pp. 1-6.




l:lO

Stemple, D. T., "A. Study of Problems Encountered in
Mu ple-Seam Mining in. the Eastern Unlted States, M.
S. The51s, VPI 956.

"Strata Deformation
S:mm051um of

K.

’

of Coal Seam Strata
Plllar Operations," 20th
cs, 1879, pp. 59-65,

’ M; D. and Boshkov, S., "The
Failure 1in the Geologic
rence on Strata Control, Columbia,

Unlverse,‘ )
1964, pp. 324 333

. andATynon, B., "Structural Concept of Strata

Mlnlng Engineer, August

and Batchelor KA. S., "Rationalization
'and Computer Anal,51s of Gate Roadway Deformatlon, The

Whittaker, B. N. and Pye, J. H., "Design and Layout
Aspects of Longwall Methods of Coal Mlnlng,' 16th Symp.
on Roc¢k Mechanlcs, 1975, pp. 303-328.

Zachar, F. R., " Soeme Effects of Sewickley Seam Mining on
Later Pittsburgh Seam Mining," Trans., AIME, 'Mining
Engineering, July 1952, pp. 687-692. :




BIBLIOGRAPHY

Barko, E. N.

Britton, S. G., "Mining Multiple Seams," Coal Mining and
Processing, Dec 1980, pp. 64-70.

luran, B. S. and Odell, P. L., Cluster Analysis,

Sprlnger Verlag, New York 1974.

Ehgartner, B. L.,

_ sfer Mechanisms in
Multi- Seam Mining,

J, 1982, 165 pp

Flnlay, J. and Wlhstanley, A., "The Interaction of
Longwall Worklngs, tigns Instituge of Mining
Eng@neers,'Vol LXXXVII -34, pp. 172-189.

Green, P. E., Frank, R. E. and Robinson, P. J., "Cluster
Analysis in Test MarketvSelection," Management Science,
Vol. 13, No. 8, April 1967, pp. 387-400.

Jones, D. C., "Morris Creek is now a 3-Seam Producer,"
Coal Mining & Processing, March, 1969, pp. 32-36.

Kidybinski, A. and Babcock, C. 0., "Stress Distribution
and Rock Fracture Zones in the Roof of a Longwall Face
in a Coal Mine," Rock Mechanics, Vol. 5, No. 1, pp.
1-19.

King, H. J. and Whittaker, B. N., "Strata Control in
Roadways," Proc. Sym., Nottingham, 1970, pp. 77-80.

Marriott, F. H. C., "Practical Problems in a Method‘of
Cluster Analysis," Biometrics, Sept. 1971, pp. 501-514.

Mohr, F., "Influence of Mining on Strata," Mining &
Quarry Engineering, April, 1956. ’

111



112

Control Congress,

ent Problems in Cluster
- Vel. 13, Ne. 12, August,

N;, "Influence of

, : oXImM1ITY,
Control Conference London,  1972.

altiple Seam Mining With Longwall,
arnal January, 1968, pp. 27-29.

J., '"Worklng Seams in Close
‘ gggggigg, July 15 1954 Vol.

Sir Issac Pitman and Sons,

", London, 1963, 345 po.

Spath, H., Cluster Analysis Algorithms, Ellis Horwood
 Limited, West Sussex, England, 1980.

Spedding, M., "Multiple Seam Mining," 17th Symposium on
Rock Mechanics, Snowbird, Utah, 1976, pp. 22-27.

Song, Z., Deng, T., Liu, Y., Zhen, M., Chen, M., Lin, Z.
Yu, L. and Song, Y., "Manifestation of Mine Pressure
and Its Relatlons to Overlying Strata Movements,"
ference Ground Control in Mining, Morgantown,
Virg;nla, 1982, pp. 22-35.

Unrug, K. FL, "Roof Falls and Caving in Longwall Mining
Operatlons, C e . on Ground Control in Mining,
Morgantown, West Vlrglnla, 1982, pp. 45-52.

Venter, J. and Stassen, P., "Pressure and Movement in
Soft Rocks, International Strata Control Congress,
Leipzig, 1958, pp. 124-136.




113

N., "Recording, Treatment and
R@adway Eeformatlon Surveys,

5th
'erence, Lendon, 1972,



APPENDIX A

VARIOUS DEVELOPMENT PLOTS
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Cluster Analysis

Initially caSe' sﬁudies were an&l?zed using cluster
analysis; t@ see 1f natural greuplngs or clusters ex1sted
around 1nd1v1dual levels of damage . After experlmentatlon

ik became; app rent' that ~t%@se- groupings could not be

dejé’«ve;l,c,p,e.d.‘. ﬂ ere was " h@wever a u,s:e:fiul structure present.
Tables 7 and 8 summarize-'a computer output in which two
natural groupings er clusters can be seen.

all but one of which

@luster llrnc:'
arevof'damagé~leVel“2u0r h@gher. cClusteryz includes’lS,case

studies of* Whﬂ;hf I4i‘aﬁe gf daMage' level 0 er 1. This

grouplng suggests that the case studles fall into two groups
as was prev1ously assumed in the emp1r1cal model building
procednre, ldne group includes damage levels O and 1,
indicatiug'that ifsdamage were to occur in an upper seam it
weuld not effeCﬁ‘ mining. The second group includes all

higher damage levels, indicating that damage» is to be
expected and that this damage will adversely effect mining

in an upper seam.
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Cluster Analysis Group 1

Table 3 . ‘

@@@@@QOO@@@@@@@@@@@@S@O
1:)3 @900622730.052@0094
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Table 4. Cluster Analysis Group 2

LUSTER DAMAGE
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LINEAR REGRESSION FOR MODEL EQUATION
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 DATA POINTS

Xf#féémcént Extraction

Y = (Innerburden/Seam Height) x Time

X = 75.65 ¥ = 185.25

8 T XY = 125,565 1X2 = 46,475

¢ = -1,238.86

Y =B + CX

Y = 18.83X - 1,239
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EXAMPLE OF MODEL USE
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. Example of Model Use

Pertlnent Data

y,i 90 feet
- =5 feet
_..s;tone =40 %

>en ) 70 %
1nnerburden/seam helght = 18

using Figure 48
DF = -30
using eguation 15
' ADF = DF + (Z - 50)

where: ADF = Adjusted Damage Factor
‘ AD = Damage Factor
Z = Percent Extraction

This indicates that interaction problems should
expected in the: upper seam, if the seam is to be mined.

be
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INTERACTION EFFECTS DUE TO
SUBSIDENCE IN MULTIPLE SEAM MINING
by

Stephen L. Webster.

The Appalachlan coal fields contain many contiguously
placed seams of coal. Mining in these seams has been active
ever such an. extended period of time that considé-rable
knowledge has ~been ’g:a’i.r'ied in the area of multiple seam
mining.

It is commonly éag{c-epte.d that the preferred seguence of
extracting centl gu@us ‘ seams is in »d‘e:scend;ing order.
However, in the pa:st; selection of the mining se.;«u.ence has
been bas:ed p:ri;mia:-f‘i,.l:y on seam ownership, availability and
e:cfe'an‘ins, ﬁO‘tﬁ on ground controel considerations.

One of tsh,e:. mra~j~0«r ground é'o,nt.rol mechanisms that must be
considered in mine _dle:s-‘i,qn., when ‘contiguous seams have not
been ext\fa‘-.ct.e.d.‘ in descending order, is subsidence. This
investigation e:x;ami.ne»s the ‘a.ftfe('cts of subsidence not on the
surface but on mineable seams of coal lying above the seam
that has been extracted. Case studies were collected from
the Appalachian region. These studies - were analyzed to
determine whi,dh factoré could be correlated with damage. An
e:mp‘i.r'i‘.ca.l model was then developed to predi qt when
interaction problems caused by subsidence will noticeably
effect mining in an upper seam.

)
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