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I. INTRODUCTION 

Coal seams oecur in g.eologi.c measures or formations which 

of,te,n contai.n more than on.e mi.neable s.eam. Engine.ers 

Inte,rnational, 1981, es,timated that of the 22<9 billion tons 

of bituminous coal re,s:e.rves 

extraction in the United States, 

subject to underground 

156 billio.n tons a.re in 

a.reas whe,re. more than one min.eabl.e seam ex-i sts. Although 

adverse mining conditi.ons have long been associated with 

multiple seam mining, historioaI.ly and currently, selection 

of the minin.g seqµ.ence has been ba,sed primarily on 

"considerations o,f s·eam owne,rship, availablili ty and 

economics, and not on possible adverse conditions created by 

previous mining .. 

In coalfi.elds such as the Appalachian coalfield, where 

mining has been active for many years, experience in 

multiple seam mining has led to identification and 

classification of interaction problems as follows: 

- Ground control. problems. 

- Ventilation problems. 

- Drainage problems. 

The most seri.ous interaction problems are ground control 

in origin. Haycocks and Karmis, 1981, isolated ground 

co.ntrol interaction into four areas: 

- Pillar load transfer. 

- Massive interseam failure. 

1 
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- Arching. 

- Subsidenee. 

The objective of trhis re,s·earch is to determine what 

facto,rs cen:trol the d,amage causecl by subsidence in an up.per 

s,e,am and to de:v:el\ep a m~d.e;l whi °"h predicts when this dama.ge 

will adve,rsely ef'fect UJDper seam mining. 

I:re:lla:nc:3:, l~:51, stated 'that in the case. o.f mining above 

old wor;kin:gs, sub~ieience is resp:onsible for most of the 

negative effects of interaction. Further, fa.ctors 

ccm:tr ibuting 

general too 

t0 su•bsidience 

dempl i.c a:secl 

and 

f'or 

strata movements are in 

suceessfu.l theoretical 

consideration; • there,fore, information i.s larg,ely derived 

from observati:o,n a,nd experience. Al though much research has 

been done in the area of subsidence and ground movements 

since Holland made this statement over 30 yea.rs ago, the 

fact that the most widely used system of predi.cting surface 

subsidence, the National Coal Board' s Sups_idence Engine.er' s 

:Ei.c;rn9book, is empirical in nature, is evidence that the 

statement is still true today. 

In order to study subsidence in multiple seam mining and 

to predi.ct damage to an overlying seam, case studies were 

collected and analyzed. From these studies a model was 

developed to estimate when the damages caused by subsidence 

will negative.ly &lffect the mining of an overlying seam. 



I I. LITERATURE REVIEW 

· .± Ge;ge;r~l lVI::gl;t,;i,..:pl.e $;g;g:.ID M;i,..ni11g 

In coalfield:s 00ntainir1g more than one mineable seam .of 

00,a.l, th.e · p,rimary g,:b·0•und c0Rd:r0l c0nsidera:tion is. the 

(Stemple, 1956). 

Ae.jacentt werking:s can be. ca:te.go,rized as foll.ows: 

- AR 1::1nc:derlyinc;r er subjacent seam being previously mined. 

- An 0ve.rl.ying or superjacent se,am being previously 

rni.ned. 

-· B•o,trh seams being mined simultaneously, with either seam 

in advance. 

Each· category 0£ multiple seam mining can prod1::1ce 

int·eracti.on · effects. These interaction effects can be 

clas,sifie<,t, by origin, into three divisions (Kin.g, Whittaker 

and Batchl.or, 1.972): 

- Stres,s field changes or anomalies due to old or c1::1rrent 

workings. 

- Active strata displacement in other workings d1::1e to 

current workings. 

· - Triggered interaction due to the changes produced by 

current workings upon old workings. 

Stress anornalie,s can be either natural in origin or 

induced by mining. In Table l, King, Whittaker and 

Batchler, produce a broad classification system for stress 

anomalies. These stress anomalies can be caused by 

3 
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Table 1. Classification of Stress Anomalies 

(after Ki.ng, Whittaker and Batchlor, 1972) 

GENESIS OF ~ORJYIAL STRESS FIELP 

( 1) Natural,· due to geological 
dislocations, faults, ect. 

~LE 

Heavy lateral pressure in 
overthrust areas. 

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

(3) Combination of induced and 
natural stress anomal.ies. 

(4) Induced, outside the 
boundaryof mining. 

(5) Induced, inside the 
boundary of mining. 

Outbursts and rock bursts. 

Abutment pressures in ad-
vances of faces, over the 
ribs and rib pillars. 

Differential pressures due 
to the existence of roadways, 
packs or pillars inside 
the worked area. 
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g.e0logical di.scontinui ties; deposi tibnal inhomogeneity 

within a ge•olo(]Jical uni.t or minin(]J either in.side or outside 

the :beunciary. of m'l..niri.g. 

Ir;rteracticm: p,r0bl.ems caifsed · :by s.tre,ss anomalies occur 

0ve,r an.cl. umGire·r te,inn•ant piTla,rs left in a previ0usl.y mined 

seam as well a,s cYve,r and und:e,r solid coal. ribsides. Remnant 

and rib pi.llar,s le•f:t in a mined s:e;am re,sul t in the strata 

immediatel.y above a,nd belew the sides of the pillar being 

placed in a state of lateral tension. c·onversely, . the 

re.gien imm~d:iat~ly above and beT0w the pillar is under a 

state o,f hd:gh c:0.mpre0ssive stres,s due to the surcharge effect 

of the everburcren. · This re,s:ults in the strata immediately 

a:bove and bel.ow .the remnant pillar exhibiting characteristic 

multiple vertical fractures (Whittaker and Pye, 1976). This 

fra.cture pattern is shown ifa FigU:te L The characteristic 

feature·s of the fractured ground are vertical fractures 

running parallel. t0 the main axis of the pillar crossed by 

more widely spaced c<,:mjugate fractures orientated at 45 

degrees to the vertical. 

The effects of these stress anomalies were•illustrated by 

Whi.ttaker and Batchel.or, 1.972, in Figure 2. This figure 

plots convergence along a roadway, in an upper seam, over a 

remnant pillar left in a previously worked lower seam. The 

closure over the remnant pillar is much higher than the 

closure over either virgin coal or de-stressed gob areas. 
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..) 

Figure L Fracture :e·attern Observed in Practice 
(King, Whittaker and Batchlor, 1,972) 
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Although these stre,ss can cause severe 

problems, <tli.splacement eff.ects rather than stress anomalies 

play the mo•st important role in interaction problems (King, 

Whittaker an<tl Batchelo:r, 1972). These displacement effects 

can be iae•nti.fii.e.d a,s bed se,p>aration, caving or slumping of 

s 0trata. 

Stemple, 1956, in h±s s:t"udy of multiple seam mining 

o.perations, ohse•rved bed separation at an upper seam level 

of as much as several inches. This bed separation took the 

form of e·ither the co:a.1 bed and underlyi.ng strata dropping 

away f:rom the roof or e,f the floor and underlying s·trata 

dropping away from the coal. This sort of phenomenon is due 

to the sagg.ing of strata created by subsidence over the 

lower extracted seam. · lt seems doubtful that the coal 

itself would have the ne.cess,ary tensile strength to hang 

unsupported ever· the floor. In cases where the coal was 

found to hang above the floor a strong adhesion was found 

between the coal bed and the immediate roof. 

Bed 

effect 

separation by itself usually 

mine stability; however, 

ventilation and drainage problems. 

does 

it can 

not adversely 

cause both 

Rock failure or caving results when the rock forming the 

immediate roof of an opening fails. Failure is usually 

Iimi ted to a few feet of rock immediately above the mine 

opening, although in some cases beds have been observed to 

fall or cave to a height of 30 to 40 feet (Holland, 1951). 
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'Fhis failti.re usually has little effect on overlying coal 

se-am,s. If, 

proximity to 

many rider 

c.i'.est.1:'u,ctive . 

h0wever, an ove·r lying coal 

a previously worked seam, 

s:E!am:s, failure of this type 

seam is in close 

as i.n the case of 

can be extremely 

Fre.El':ley, l.978, opse0rved damage caused by this action at 

ELli:ot La:1ke1 0;:m;tario. lHli0t Lake is an uranium mining 

Gi"istrict. 'I'O:hi:e di.s:tr.ri.Ct ccni'tains from three to five seams of 

uranium bearing conglome.rate.s, separated by quartzite beds 

ranging f.r0m a few feet in. thickness to over 100 feet. Data 

collected f:r:om mine•s in the area are illustrated in Figure 

3. Thi.is f:ig,ure plots stable anclr collapsed workings on axes 

of span versus parting thicknes;s. 

A.n eyewitness account of a parting zone failure in an 

Elliot Lake mine, stated th~t the parting zone collapsed a.s 

one unit. Thi.s would suggest shear or tensile failure near 

the pillar edge. 

Along with bed separati0n and caving, the slumping or 

bending of strata is an important type o-f ground movement. 

As in surface subsiderice, 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 

marry interaction problems. The problems can be ground 

control, ventilation or drainage in nature. 

The process of slumping or active subsidence, can be 
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de;v:a,s,tatinJJ t0 an up,per · s:eam, if dev:eTopment workin.gs have 

lie.en. d,ri.ven in ·· it.. . Ea~,m:~,r, 19:s,0, r~,p>~rte,a. that ro0f strata. 

aih:0ve room a:md pi:l,l'.a,.c, w0,rki,mcgs wh:±:ca:h had rerri-ai.aecd stable 

wa:t:h n,0 · ~l!l,P.P-~rt f'e,r · m'eire t;:ha .. n 20 coll.a!;)sed 

eQf$:e,n.s,i.:veTy aiti:r;iltfug· ··· ti.~ai~rmii:nt:r.r.g . 
. . . . .-·. . 

t-4\1;.e te:r.rclien.e,y of· }01:~fr.-s arid dis:Gon:t±.nu.i:-e:±e,s to be. opened by 

'th.e tren,s,i 1.e, . cdfi:$t:urba;liiee c:a,u.s•ea b-;y u,nc:tle,rman.in~ . Le,s,s. s·e,vere 

re,sults we·r:e oii>ta.,imeel :0¥ King:, W.nitt.akie,r and :Batchelor, 

1972, in an expe;riment designed to observe the behavior of a 

r0:aclw:ay when a&':fe•cte:el b:y i:n;t-e,r.a•e:ti.en ,f,r.em a low.er. wo:tkin.g 

fa,ce.. . F:i:9!J.il,a!e 4, . slt©WS tli:e :fi.ne:1 sub•s•idea pr.0.f:il.e on tn.e 

r.:0a.<:i\i/ay £Toor a,µGi' a.Ls:@ th.e okang.e in height 0£ the roadway~ 

The, fi:gure shows· a uni.form closure betw:e:en the ri.b side·s 

with. only S:U:t?erf:icia:l evi.de,nce of· increased closure over the. 

']h,e auth<i>,rs attr:i.buted this to the fact that the 

e,x:t.ra.cted se:am heig:ht of the lower se:am was only three f'eet. 

In i.nstan.c:e,s of extracted s·eam he.ights of six feet and 

greater, they st,ate incr.:e-ased de,formations over ribsides 

should be expected. 

Bie,sides. di.spl.acement e·f:fe·cts and stress anorrialie·s, an 

eq:uacl.l.y important f-e,ature in i.nteraction. is the time 

dependent deformation o.f coa.l me:asure,s. Thi.s secondary 

deformation is· cal..!,sed by the relative stability of pillars 

i.n -the lower s·eam. Stress anomali.es caused by the mining of 

the, upper s,eam over pillars l.eft i.n the previ.ously mined 

lower. seam can cause the failure of these pillars. This in 
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f0.r a new 

the upper seam. 

of pressures 

Because of 

ang 

this 

relationship, trhe resU.lts of intaraction are not nece,ssarily 

a cons:is,tefrt ct'ncl fi.na.l anomaly clue to an earlier working. 

Subsiaer:i:ce e,;ro,gine.ers use a te,rm, triggered subsidence, to 

d:en0te an aclii:ilitional surface subsidence, conseqa.ent upon the 

disturbane::e o;f an old w.0.rking by the current working in 

another s:e•am. This is e:ssentiaLly i.nteraction and any 

additional affects on the surface relate directly to 

innerburclen. activit~y (King, Whittaker and Batchlor, 1972) . 

The f.actors which govern. interaction problems, include: 

- The mining methods used in extracting the previously 

mined overlying or underlying bed, as well as the bed being 

currently mined. 

- The F).ercentage and unifbrmi ty of recovery in a.11 beds 

concerned. 

- The thickne.Ss of innerburden between the beds under 

consideration. 

- 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 the coal seams is also a factor but in this 

discussion the seams are presumed to be horizontal or nearly 

so. There are cases where the seams mined are on rather 

sharp grades but they are exceptional and the results 
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obse,rved in those case,s are gene,rally similar to those noted 

i.n nearly horiz,ontal seams (Lazor, 1965}. 

']he fi.rst facter in interaction is the mining m.ethod used 

i.n e,xtra.cti.ng the previou,sly miriecd seam. ']he major types of 

mini.n.g tod'a.y a-re, lengwa.11 anG:I. ro·om ancl. pi.llar, with recovery 

being 1»artia,I or c0mplete. Ea.ch type of mining has 

characteristi.c:::,s · makin<g i.t applic:::able una.er diffe,rent 

conditions. Each will als'O have a somewhat different effect 

upon overlying coal beds (Holland, 1951). 

Len.gwa.11 a g,radual bellding of the 

superi.ncumbent s,trata, a1low1ng it, above the caving height, 

to settle slowly upon the caved mate·rial. The subsidence 

starts in advance of the fa.ce and become.s complete at a 

distance of 1:.00 to 600 feet behind the face (Stemple, 1956). 

In room a.:nd pillar mining, where compl.ete extraction is 

practiced., the subsidence is of a different nature. Where 

pillars are extracted in. such a mariner as to form a long 

extraction li.ne, it is desired to relieve the pillars of as 

much weight as possible. ']his is accomplished by a 

methodical pl.an to break the superincumbent strata and allow 

it to fall in the extracted area. In instances where a 

strong roof is pre-sent, this method will cause subsidence 

which closely approaches 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 



distinctly di.ffe,ren,t nature. If pillars are of sufficient 

size to support the overburden, any subsidence produced will 

b:e re,stricted to failure of the imm.ediate roe£. This 

f·a,ilure is usually ce;i:a,fined to strata ranging from a few 

inc,he,s te seve,r,al tens o,f feet above the working. If 

pillars of a le,s,ser s:ize have been desi.gned, these pillars 

wddl "crush oat'' a,ricd siubs'iclence will extencl to the surface. 

The method o,f minin<g not only effects the ground 

movements in subsidence, but the amplitude of subsidence. 

Com:p:,lete extracti0n, whether by longwall mini.ng or room and 

pillar minin.g, wtll re.su.lt in greater subsidence than 

ex:traction by room an:¢!. pi.l.lar mining with pillars left in 

place. Furthe,r, differing s.izes of the pillars left in 

partial extraction mining may cause a greater 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 

pi.Ilars are not of sufficient si.ze, they will cru.sh out 

al.lowing a greater amount of subsidence, but not as much as 

complete extracti.on would induce. Because of this 

relationship be.tween pillar 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 subsi.dence are directly related. 

As in surface subsidence, amplitude of subsidence is an 
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important factor in mul ti.ple seam interaction. This is 

evident when one portion of. a seam subside·s and its • relative 

displa.c.em·ent from the re,s,t of the seam is noted. Holland, 

I.951, noted. v·ertical displacements in coal beds from a. few 

i1,na:••he,s ·to. 0n,e or two fee,t, a;s sfrl.o.wn i.n Figu.re 5. In cases 

of thi.n seams ove:rlying tC:hick seams, vertical displacements 

of this scJrt could. aetually cut a s.eam of'f, simi.liar to 

fa:ulti.ng action. 

No matter what the percentage extraction, one very 

In the imp,0rta1:1t factor i.s the uni.fbrmity ef extracti.on. 

ca:sse o.f 00,mplete e0xtraction, remnant pillars left 

areas, and partial extraction, oversized pillars 

areas that are otherwise crushing out can be the 

in gob 

left in 

seat of 

such high stresses that the roadways or workings above it 

will be completely destroyed and no support will be capable 

of retaining them ( Stasen and von Dwyse, 1972). 

It has long been known that if an extracted . area in a 

coal seam becomes larg.e enough, surface subsidence will be 

induced regardless of depth. This can be said of the 

effects of subsidence i.n an superj a.cent coal seam as well. 

The c·onditions and probl.ems encountered in mining a seam 

which may be only 50 fe.et above one previou.sly 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 



Fig1.1re 5. Bending, Shearing and Readjustment of Level Cau,sed 
by Subsidence in the Lower Seam (Holland, 1951) 
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important consideration, ( Szwil ski , 1979) . Tectonic f.orces 

In multiple seam mining, the 

stres;ses arrcl displacements ind:u;oed can have an additive 

Th.e sh,a~e of th.e deme of caved ma.terial 

vari.atiens ef t:he mate.rial in which it exists (Stemple, 

1956). The li.nes of break are more steeply inclined; that 

is, tifu.e aia<gle of <:dcraw is less in hard rock such as sandstone 

Joili).nsen, 1973, states that the presence of. an intervening 

massive bed ma,y have the ef.fect of partially or even 

completely nullifying the transferred effects from workings 

±n other s.eams . 

The e,f·feets ef g.eology can readily be seen by comparing 

British subside.nee data with American data. The maximum 

subsidence in Britain can be up to 90 percent of the 
\ 

extracted thickness, whereas in the United States 70 percent 

i.s a more realisti<;: figure (Styler and Dunham, 1980). This 

can be explained by the fact that the strata in the American 

coal.fields are dominated by strong competent beds, while ih 

the Briti.sh coalfields there were no beds strong enough to 

have a noticeable dampening effect on the movements above 

the face. 

There is a difference of opinion concerning the effect of 



Laze·r, 19'65, states that, within 

n:0:rmal lim;i t,s, the . tnisl,me:s.s of the lewe,r mined out seam has 

H0weve,r, it is e:r0;1:nm0nl.y a9e:epted tha,t the vertical e,xtent to 

wl::1ien "the 0#:e1!1?1:D'l:l'rGlie111 o,r S:l!l~er,:jaqe•r:l.t: strata are. broken or 

distu,r:bed d.e.11:>ends 0n th.e thi.e:kness of the seam previously 

1.979, it was fou.na trha:t up to a di.stanee equal to 10 to 12 

times the thickness of the extracted seam, the strata is 

'Tihis w.ould i.HGl.i.cate that there is a 

re·latio.ns·h:i_P hetw.ee•z:r e'.¾ttra.cted seam height and damage . 
I 

A,s in s±n.g1e. s,e.am m:ining, the thickness of overburden is 

a factor in mu1ti,p1 e s·eam mining. Stresses induced by 

multiple seam mining can be complicated and increased by a 

larg:e cover lo:ad.. 

The last facter iz:ivo·lvecl in interaction is time. When 

the mining o•f a. superjac.ent coal s·eam is projected, it is 

important to know just when the subsidence caused by the 

minin.g of the. lower seam may be expected to be complete. 

Most obse.rvations of the duration of' subsidence have been 

ma.de .on. t:n.e surface. Observations have ranged from six 

months to 25 years. The fa.ctors involved in controlling the 

duratio.n of subsidence· are (Stemple, 1956): 

- Depth of overburden, or innerburden. 

- Nature of the strata. 
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sa,mm,a:r:y 0f su;cses,s,fu:l tre•c'hnigu:.es u.sed to deal with problems 

en:aQun,te.re,el,. . · 

']!{hi~- ~ii.:r:•s¾~- ij~§\•-9:#, c,~,n:~:t:-a~:ra,t:{t_e,n i.n !llUltra,pl.e seam minfn11 i.s 

t'ob:J: t;;i,me: l,a:~,S\e,: L1\ei($1.~~'S,~•r~r·' ts .. r'e:l.i,~v·e stre;s,s bu:i ldup in rock 

s·:tr:a.::l:ia amQI t:0, a{L.Lew · £'0,:r s,e•:tt:Leffl.'ent. In the, cra;s.e o,f mi.niri~ a 

se,am o~: e,o:-aL. ai~fGi~e a, pr.-eN:i0u:s,ly mined s·eam, the. time pe:r:i:.od 

··r.e>:r · stat>i.liz:abie,n i.s the, t±m:e to fu.Il subs·i.clenc:e. · Thi.s 

p:eri.0d . e:a:n v-a,ry f'ro.m· m11m:th.Js te many yea,rs . Optimum lag t•ime 

· i.s Ie,arn:ed fro1T:L e,~pe,rie:nce, i.n the local district; howe:Ve'r, 

twe ye,ars. has pr~v:en. adetjµ.a-te in most mining situations. I.n 

tne cas-e- of mi.n±ng a. se:am of co.al bel.ow a previously mi.ned .. 

s-e-am, time a,11.o-w,ed bet:w:e,en the minihg of s,e.am:s fo.r s,trata 

s:tabi.l.i.zaticHi has li.ttLe, influ.en.ce (EJ:nginee-rs I.nte,rnationa.l 

In e:i:the,r o,rde.:r of mi.nin.g:, co.lumnfz,ation has proven 

s-u:cce:s-s·ful anl;i is n.e-ce,ss:ary when parting thi.ckness is les,s 

than 50 feet. C'ol:umnization, shown in Figure 6, consist o.f 
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Figure 6. Columnization of Pillars (NCB, 1972) 
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locating each pi Ilar in the seam being mined directly above 

o,r bel0w a eorresponding pillar in the previously mined 

The rne,thod reqµire,s that pillars of similar size and 

shape be us,e.~l in each seam. In tihe caise 0f mining above 

:p,revi.ol.itsl.y m·:t:rn:e.¢ eo·al s;eam•s, sinee d.e,signed pillar size is 

prop0rtional to B)illa:r loading o.r s.eam de,pthJ fhe size of 

tilil!.e pi1lar ae::e;pteEl.. f0:r c-:0lumll"l.ization will be that designed 

f:0r the l.owest seam. The pillars, so designed, are 

oversized and reduce the recovery for the upper seam ( Peng 

If pa.1rtial extractio.ri room a,nd pil.lar, was the method of 

mining in a previous·ly mi.ned l:0wer seam, the upper seam 

should lbe celumnized as previously detailed. If total 

extra.ct.ion room and pil.lar was the method of minin.g, 

advantage can be taken of destressed areas over gob, if the 

gob is free o.f remnant pillars. Roadways can be located in 

the de-stressed a.reas thereby eliminating any chance of 

producing a piston of ground stresse.s through superimposed 

pillars. 

Most of the information available concerning multiple 

seam longwa.11 mining i.s British in origin. In Britain the 

most successful form of la.yout 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 
Succe,ssive Se.ams ( King and Whittaker, 1970) 



size of rib pfllacrs, which is waste,ful of re,s.erves. 

· A:r:i alte•rnative layeut, w:hi.ch inoo•rporart.e-s ro.aaway 

pre,te,ction ancd C"®:r:i.s;e,rva\tion of re-servess, is t0 locate the 

re.1:n>naint rib p;ill.a,r die,w:B. tne central a,~tis of tlil.e, pre,se,nt faGe 

ais, i.r,1 E'fil~aie 8. l!Jis;,ii,.,~,g . t~.i:Ls cle,s:icg',n tila.e f:ollo;Wing can be 

ac:J:tie,v·ed (Whitta:kce,r an& E::te, 19'76}: 

-· 'Ilhe, :f:':it'aettJ:,i:e,is created. by t~e p,revio'l:J.:S m·ining are k.ept 

iiat:act muzc0h be.t:ter, sifrc,e th.e f.ace is meving on end relative 

to the orientation of the main vertical interaction 

f'rac,t:ure,s ·. 

- ©arly a. staall le,n,cg,t:h of fa.ce i.s affe,cted at on.e time. 

Genver:-g.ehce• en tt:fu.e f:ac:e is not a.ff.ected, providing the 

interaction fra:ctures are kept ccmstrained. · 

.;. A mo'!'e even su:b:sidencre prof'il.e and more balanced stra.in 

prof.i.l.e are produce,ci at the surface . 

- T'he SU'.Gce,s:sive build up of localized high pressure 

regi.ons is avoided. 

The ef:fects of prceviou.s mining are Very important when 

mine design i.s ±n areas containin.g more than one mine.able 

s•.eam of coal, but of equal importance are the effects 

produced on. still 0th.er seams which may or may not be 

e00nomical at pre•sent but may become so in the future. 

Hasler, 1951., divicled damage to superj acent seams of coal 

into two categories: 

- Unavoidable damage to a superjacent seam due to the 

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

G.OB 

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



support. 

- Aveie:able da:mage to a superjacent seam due to remnant 

pillars being le'ft i.n "the previously mined seam along with 

the ne,nun•if:e,rim e~~Xt'ttacticm 0£ that se,am. 

':Fh,e,se a:v:o:icaia{ble €1.ama.ges c:an be e.limhaated with p.r'oper 

clesd.c;,Jn an(!:l, g0,0d o,p>~rat:i.n.g pr<:>cedure,s. In fu.11 e:x:tr:action 

room and. pilI:ag:- · rn,i.nd::r,i,g, Ia:Cellan.d, 19'5> 1, states . that besid.es 

eliminating remnant piTLa.rs, pillar line,s should be kept 

long and straight to reduce shearing of overlying strata as 

weTl as te :w,rorn,ote siuibsidence by bending rather than by 

shearing-. 

2 -l R,1::g;>,:f $.tr;:9°:t~ lt\;::§i.9:r.t(i; 

The added compie:x:i.tieS produced by advances in mining 

tecclinolegy i.n the ra.st hal.f century have led to the 

development of several approaches to strata movement, 

inclucling: be-am the.cry; pressure arch theory; and dome 

theory. The.se theories employ the more fundamental concepts 

of strength of materials, structural analysis and soil 

mechanics. A.I.though i.t appears unrealistic to apply such 

conventional te,chni.ques since strata are seldom of ideal 

rnate,rials, are u.sua11y inf.luenced by unspecified geologic 

conditions, and are generally of complex geometry, they 

still remain the only satisfactory approaches available for 

initially attacking the problem (Adler, 1976). 

The effects of an opening created in a seam of coal on 
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the ove,rburden a,re a,s fol.lews: 

- At re\:t:Rote e.:i:st.a,:i::l:ees above th.e workin,<jl, subsidence may 

eccrur on uhe surfra.0e. 

-- A,t inte,:rrrmed!iate G:l'is't,a,r,rs~e,s aib·ove the workin.g, a pressure 

de'm:e or a,:beh $,trt.ta:•ti'6r:it,e is f:etu:n:e•a .• 

- l~h;~,ar t'h.e w:erkii\:ngs, t 1he i:rrimed'iate roof will defl.ect 

downward in •l:>~,c:l'ffi e,r :p,Hite a.eti,on. Lf the immediate roe f ha.s 

trass:ve,rse f;ra:et:u,re,s, a voass;ei r arch may form. 

Field observations have bee.n made of cavities which have 

bee::enre. vaiult•e.a o:r pe,aiked, remaining stafDle without 

arti.fi.cial sti]l);p,brt. Th.e,se observat.oins have Led to the 

ado,pti.o:n of s•eve,ral arc!:h or derne theories. 

The pre•s,sure arch theory was deveLoped in Britain. The 

di s,tributio.n 0f' forces i.n the vicinity of narrow workings, 

as in roa.e:iways, was determined as early as 1936 and is shown 

in Figure 9. Th.e immediate roof bends downward and i.s £.reed 

from the wei(fl"ht 0£. 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 destres.s•ed. 

Fo,r wide workings, as in longwa11 pane.ls o.r pi.11.aring 

se·ctions, one abutment can be visualized as resting on solid 

coal and the other on the gob at some distance back from the 

solid coal as shown in Figure 10. 

From Bri ti.sh field observation, it has been determined 

that the maximum possible width between the pressure arch 
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8 = Be.nding Forces L = Lateral Compres.sive Forces 

s ::: Sheari.ng Formc:;es C = Vertica1 Compressive Forces· 

..- r- - ......... 

Pressure Arch. 

Figure 9. Pressure Arch for Narrow 
Opening (AIME, 1935-36) 
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PE.AK OF PRESSURE 
ON THE GOAF 

(1NrRAOOSAL ABUTMENT) 

·PEAK OF PRESSURE ON 
THE SOLID 
(EXTRAO.OSAL ABUTMENT) 

WEIGHT OF SUPER.INCUMBENT 
STRATA 

Figure 10. Pressure Arch for a 
Wide Opening (Denkhaus, 1964) 
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Figure 1.1. Width of Maximum Pressure 
Arch for Various Depths (NCB, 1954) 
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abutments gene.ra.lly increases with depth. Figure 11 plots 

the:Se obse-rved widtl::rs versus c:depth of mining. The maximum 

wid.th of the pre,ssure arch can be calculated from the 

f:ol.l.ew,ing empirical f:o,r;mula (Peel.e, 1941): 

W = 0.1-5 x :9 + 60 . . Eq. 1 

W = wic:dth of max.imum pre·s-sure arch in feet 
D - de,pth of arch below surface i.n feet 

rf the excavation width exceeds the maximum width of the 

pre,ssure arch, roof fracturi.ng will occur and the load will 

be t:i::ansmi tteEi directly to the pi.llars rather than to the 

abutments. 

loads. 

These pil.lars may fai 1 under these excessive 

Th.e estimated pe,ak pressu.re in the abutment zone due to 

the pre-ssure arch is shown in Figu.re 12. This graph shows 

the variation of alDutment stress with depth using the 

maximum feasible arch that could exist at any distance below 

the surf.ace (N.C.B., 1954). 

If mine workings are not driven with vaulted or peaked 

roofs, the roCk at the top of the opening often will 

collaps·e. Caving will continue until the roof has as.sumed a 

dome shape, after whi.ch equilibrium will be re.established. 

This "dome theory" has been extensivel~1 examined and is 

illustrated in_ Figure 13; This figure represents the 
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Figure 12. E.stimated Pressure in Abutment Zones 
of the Maximum Pressure Arch (NCB, 1954) 
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Figute 13 . P.re,ssure Dome 
Ar:ound a Dri.ft (Dinsdale, 

a.nd Stress; Trajectories 
1935) 
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cross,-section of a working, with the e,lliptical curve bein.g 

'Fhe hangin,:g wall within the ring 

is separated fre,nr trl!r~ rec,k outside the ring as a result of 

hori,z0nta,l sn:ear¾ffcl;.g aiicf ve,rtical tensi0n and re,sts upon the 

S"lil~,ports wfu:thii:ia t~,e, w,®1zj(l~·furi.g.. 'I11i,e pre•s,sure on the imm,edJiate 

':Dne pre,ssure on the supports i.s 

proportional t0 tilire depth. 

In the g:eneJ:1:a'l , ca.,s:e, tlile dom,e above an excavation is 

is di,fficult. ']';lie p·:1::obiem is the,refore simplified to. the 

Th.e cross- sectional shape of the 

excavation. is dete,rmined normal to the longitudinal axis as 

shown in Figure 14. 

From simple . statics, the height of the dome can be 

c a.lcul ated. a.s follows (Dinsdale, 19 35 ) : 

h - (P / ( 8 X F[)) X (2 X L X S + S X S) • 

w:here: h - h:ei ght o.f dome 
P = p:re-s su.r'e on dome 
H = horizontal force 
L = width of abutments 
S = span of opening 

Elg. 2 
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F:er further evaluation 0,f dome characteristics, a 

dist:inctien must be macl,e between two possible. cases: 

ins:1:.1,ffi.ei.entl.y cehes.ive roc;k in the dome and sufficiently 

If trhe roek :Ls. ±asu:ff:ic:ie-i:l:tly co{hes:ive, a porti.o:n: of the 

core o,f the deme will separate gradually from the dome 

beu:wiiary wh.il.e t;ne s,J:l>an of the Gi\om.e is being increased. The 

relati.onsh&ps be0tween the span and the h.ei.ght of the dome is 

as follows ·(Denkaus, 19"64): 

s = 8 x cr x d / w x (1-·h/d) x log (1-h/d) .. Eq. 3 
S" 

s 

where: 

h - ©.63 x. d 

2. 96 x cr x d / w 
s 

s = span of dome (feet) 
h = h.e:ight of dome (feet) 
d: = ove1rburden (feet) 
w = specif;i.c weight 

Eq. 4 

Eq. 5 

cr = uni.axial compressive strength (psi) 
s 

If the rock i.s sufficiently cohesive, the core of the 

dame. will not separate from the dome boundary. The boundary 

wi 11 the-re fore 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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c::ore may oc.cur •· 

height of the a,rch for this case are as follows (Denkaus, 

In 

S -- cs x e1 x d/w-) x < 1 - h/d) . . ETq. 6 
s 

h 0.5 x d . Eq. 7 

s = (4. XO" X d)/W 
s 

both case,s, sufficie·:t:'l:tly cohesive material or 

insu.ffi.ciently · cohesive mate.rial, 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 

multi.ple seam mining, certainly to a superjacent seam. 

Wardel.l and Eynon, 1968, stated that at shallow depth and 

fairly homogeneous and strong overburden, strata could shear 

at the abutments and rathe·r than_ gradual subsidence, 

co.mplet.e and sudden. coll.apse into the extraction area would 

occur. Fi.gure 15, is an example, illustrated by Holland, 

1951, of massive innerburden failure caused by removal of 

underlying pillars. 
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Figure 1.5. Ma,ssive Interseam Failure (Holland, 1951) 
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B:eam theory was cd:.eved..oped in the e,a,rly part o.f the 

Twentie,th Centu:ry. . !Ilhis t-la.e.ery was develop,ed primarily to 

e:xpl.ain s1:1:rfase su,bs:i¢;ence. Hewever, p,,res,ently beam theory 

is bee±,ng Us~cd te e,x,~,Iad:,n s,om.e of· the phe,n.omen.a oc,curring 

c•:10,s,e,r te. t:bi.e · e,x,e,aw:a.otrion, · stten as 't'he de,f0•1c.rnation alrrd 

fai.Lure <::rf the .imrned'iate r00,.f. 

13'.e:arn t::fu:e,<::>ry is a~,p>r·~priate for rG10.:f a,nalysi.s in bedded 

f·errna±dons in which the bedd.'ing pI.anes are relatively smooth 

and flat. Because of the weak bond between beds, the roof 

rock will., ed:ti.l:l'.e,r imm,ecd:ia"te,ly or a sh..ort time afte.r rni.nin.g, 

bee"erne detached £rem the overly:i,ng rock and f.orrn a layer· or 

beam whi.ch :Es loa,G\3.:eEi EHll.y by its own wei:ght. For analysis 

it is as,sumed that th.e min.e roo.f behaves like a body loaded 

lb.earn, which can lbe app>,r0ximated by a un:i,formly lo.acted beam 

where the l.oad is equ.a1 to the rock dens'ity multiplied by 

the thidtnes.s of the strata. For shallow mines, the mine 

roof is assumed to b.e e.quiv.ale•nt to a sirnpl.e beam. ·For deep 

mines, the mine roof is assumed to be equ.iv.al.ent to' a beam 

f'ixed at both ends . The following assumptions are made in 

be.am the·ory ( Adler, 197'6) . 

- The beam is of a homogeneous, isotropic and elastic 

mate,ri.al. 

Th.e me.am is straight and has a uniform cross-sectional 

area along an axis of symmetry. 

- All loads and reactions are perpendicular to the axis 

of the beam and lie in. the same plane, which is a 
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long.itudina1 pl.ai:::te of s-y:mm.e,t;;ry. 

The· oeam span is at l.e1ast ·twice the .be.am thic,kne,ss. 

Ff the length of a w,orking i.s les:s tn;a,n twice its wddth, 

it mt:tst lie analy·ze:Gi a:s a tn:rree dime1as:ional prob'lem ba.,sed en 

the m'®':tte CiO!l'A.p.1 e,x: f?lat I3>:1at~, thi\e0,;i:1y • 

Lff th.e m1i.n:e r00f i.s m:ade o.·f two er mere la:.y:ers, twa ca,se•s 

mli-st be 0·011\side,recl: t:fu:i.d:k:e,r o,r s1:tif1fe,r layers o'verlying 

thinner lay.ers; or, thi:Biner la,yea:rs 0ve,rl.ying thicke·r or 

stiffer layers. Both cases are illustrated in Figure 16. 

In th:e f:irst c:as,e, e'a.ch layer or be.d acts inde-pend.ently, 

:b.tence,, "tl'ile 1:::iecfrs, de ne,t le.a<i ea.ch 0th.er. 'I'he stre-ss and 

<le:f'lectic);n i.n each l.a.y:e,r can then be calculated as for a 

s:imple be.am. 

In the s,ecend case, th.e l.ower layer is loaded by the 

upper one·s and th.e additional l.oading must be considered. 

The conc:ept of the voussoir arch was introduced into 

mining to account for the relative stability of roof strata 

which are too broken to act simply as beams. Roof material 

has been observed to stancl. unsupported ove.r larg·e areas 

while i.t is in such a state as to rule out the existence of 

the tensile strength requi.red by beam theory. The. 

principles which sup.po.rt this broken material are si.mi l.ar to 

the princi.ple,s involved in constructing masona.ry arch.es. It 

ha.s been found that the behavior of a brick be.am closely 

resembles that of certain types of roof met in practice. 
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Sanc$.st0ne r00fs ar:e particularly s,ubject to this action 

(Adl:er, I97:6). 

T1iie s·tl:'a:ta mo:-:ientEents d'is,cus,sed thus far have been 

cre,mf,i:n:e,d tro st:rta.}13:a, in t.~e i,mmediate ro0.f a,n:d strata 0f 

:i:.l!l.'~.e,rime,d?iatre cl:fs,~aJlirG:e·s . a;b@"7e, tTrJ..e. m:i,ne w0rk:ings, where a 

pi~ess,u:re dome 0r a;frch -strubtu;re i.s for.med.. At more remote 

Gi:i.st:ance:s I a <:isi.:ff·e'Jfe:Ili\t m.e,ehanism e:ccur,s, s,uhsidence. Mcrst 

o·,;: the earI.y re,se:af.a,l'i th!at was done in the area of ground 

control was undertaken specifically to understand subsidence 

m:er.e f,uIJ:y 

A1t'.h9ugib. tfu.e f'acit trh:,at mining could cause surface 

s:ubsidenee had be.en known f·or centurie,s, no attemJ:Dt was made 

to systematical.ly investigate the mechanisms which cause 

surface subsidence until the 1820' s. At that time because 

of wid.e-spread movements and subsequent structura,l damage 

Sll.'ffered by the city of Liege, Be.lgium, a re.search effort 

was initiated. The most notable achievement of the Belgian 

school of that era was the J:DU:blication · of Gonot' s treatise 

"Lor de La Normal" in 1871 (Karmis, Haycocks, Webb and 

Tripl.ett, 1981.) . 

The first the•or:y of mining subsidence which was generally 

a.ccepted 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 

impl.ied that the area effected by subsidence on the surface 
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was, in the case of horizontal seams, e.gual to the area 

min.ed ande::fgr0uncl a,n:d., in the cas•e of inclined seams, less 

tha:n 'the area. mimed, · un:Gi:e,r~reti;:nd. Using this theory, pillars 

were left unwe:rk1:a ve,rtic:aIIy below bu.ilain'§Js·· which were to 

h>:e p~e·te,etexiL ekife:.c:i,sciGr:ri;c:1.,l}y p,il.la,r•s 0·f sd:.z,es large•r than the 

1:D:u,i.l.€3.':bng,s to be prate·ctecl we,re l.eft in pl.ace. This was 

iril:te,nd:e,<d tro p,r@vid.ie a sa-f:'ety rrva,rgin ag;ai.z:1st t:fu:e crushing and 

dete0rioration o.f pi.lla•r ed.ge,s and clid not reflect any 

anticipation of the "draw effect". 

Pillars ae,s;Lg,ne.<:i usiz:tg this the,o•ry were too small ancl 

fail.ea to p1rq,te.ct s;m,rf,a:ce structure,s effective1y. Because 

o,f thes,e failuc;i:e,s., B0ri.tish. courts ena.cted laws whereby 

ve•rti.cal pilla:rs were i:equirea plus yards on either side of 

the a,rea regu.i.ring support. This was later increased to 

yards on either side o,f the area requiring support, due to 

stil.I more fai.lures (Shadbol t, 1.978). 

At approximately the s:ame time that the vertical theory 

was be,in.g developed in Britain, Gonot was making field 

observations and c:onducting a study of subsidenc:e in the 

Leige region. of Belgium. It was generally accepted in 

B.e•l.g.ium at that time the,re was a "harmless depth" of mining. 

This harmle,ss 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 surfac:e and 

no damage would take place. Gonot opposed this theory. He 

suggested that the working of a c:oal seam resulted in lines 
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0£ f;rac;;ture . at right angles to the inclinati0n 0f t:he se,am. 

He ar~ea su:b•s,idenc.e weula. be p,r0du<Jed be,tween the 

pr0je.eti.0Jts of the·se line,s at the s•urfa.ee. With le'Vel s,eams 

@01,10,t' s th,:e,0ry, the nar1:rva'l th:e0ry, p;rej:.e•c:ted t'br.e same 

re,sults a,~ t<la\e v.~•rti,cral tJ!l.e,0ry:. W!0w:e,ve,r wh·en in,s,l,i,neel seams 

were m:fa1e'<Ei', tch:e two theo•rie,s d:i.ff:e,red. 'Elae V'e,r:ti.cal theory 

pre.citl:,ct:,s d'cl'IJil'.a<§J;e dir:e·etl,y aili:>,o-v:e t•he werlii:ngs whe,reas the 

normal the0ry prediets damage on the d0w,n di.p si.de. o.f the 

workings. 

T~e n'©'rmaJ. i:he:(:)ry initi.ated debate t-hr0ughout Europe . 

Ge,Em.an era.ginee,r~, Seirn:1:ilz a,nd Sparre, HH,7 c:titieized it, 

s,ayi:ng that t:he n;ature of the strata pla,y:ed a role in the 

orienta,ti0ns 0f tihe cra.c:ks. They sug<;:1.ested that inclined 

beds· 0f: sililale w0uld fraCtur.e vertically, whereas inclined 

beds of s,anclstone would fracture on the di.p side normal.ly 

and on the ri,se side verttcal.ly. Sparre suggested that each 

stratum should be consi.dered individually and the over all 

fracture would lie between normal and vertical. A French 

engineer, Callon, su(!l'gested that when caving was practiced 

bulk increased, deperidi.ng on the manner and to what he.ight 

the ro,0f collapsed. He also sugge.sted that caving in a seam 

with a weak robf would cause subsidence to widen out in. a 

funnel fashion, whereas caving in a seam with a hard roof 

would cause su:bsi.denoe to form a bell-shaped cavity as in 

Figure 17. 

An Austrian professor Rziha, 1882, was the first to 
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su.g.g.est th.e formations of a dome above mine workings. He 

stated th.at when. r0ck is undermined it wi 11 s·tay undisturbed 

until gravity e*:ceeds c0hesie2n:1. At that time the rock will 

.fail e,itJ:ier l:t¥ fial.li.ng:, te,a,rin:g or 1::>0th. With time, a dcme-

sl:vaped s,pa,c,e: is f:ec:rmted m·0v,ir,1Jg a,W!ay fr0,m the center o.f the 

excavatio·n li>0th. verti.oal.ly and laterally. If the e-xcavation 

becoll!·es I:arg;e e·n0ui?f:h, t'his dem.e. will e,xtend t0 the surface. 

'Fhe e,ff.ected surface a,rea w0{1ld be large.r than the area of 

excavation if the excavation is sufficiently large. This 

was the first use of the icl'ea of "draw". 

Rziha cein.si.dered t:1i1e ve:rti.cal settle·ment in subsidence to 

be caused by a combination of col.lapse int0 an excavation 

and a dewatering e.frect on the overlyi.ng strata. The latter 

effect cause·s a decrease in volume. He beli.eved that the 

amplitude of s,ubsidence decreased with depth and that at 

great depths there w0ul.d be no effect on the surface. 

The next major work in the area of subsidence was 

undertaken in France. F.ayo.l in 18'85 published a paper which 

some believe to be the most important contribution in the 

area of subsi.dence of the nineteenth century. He conducted 

investigations in thre,e a.reas: 

- Laboratory tests. 

- Te,st on physical models. 

- Observations of surface movements above mine workings. 
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SPE'Be'l'0F S'l'RONC ROCK (CALt.ON) 

F::i.(iJ;U:re 17.. Ca.Il.e,n' s S:ug,g.e•sted E.ffects of 
I:tc;,ck Strem;th (a:ite•r Sh:aclbo 1 t, l '3 7 8 ) 

I 



In his lab0rat0ry te,s,t he. e*perirnented with beams of 

. ' ' -
- m~,.e de,~c:tee 0,£ c;,~;r:vat1;1te ine,re,a,sed wit·h the di;S'tance 

be,twee,n ·· s,tipp0rts 

- The lewe,st beam always bends the most; curvature 

hee:0rnes l.e·S'S as . the d:ist~nc;e aI:>ove tt1e 0peni.ng is increased 

F:ayel cenelu<iiecd ftEYrn his beam e%periments, that the lower 

part 0£ eadh beam Len~the.ns mere than the upper part. 

Theref'or.e a beam plaeed on tep 0f another beam i.s unable to 

c0nforrn to the e~act shape of the l.ower bearn. This causes 

the points of supp>0rt to approach each other as more beams 

are added. Eventually the points of support contract and 

there is conidnuous contact between bearns. These points of 

support f0.rm a dome. 

Fayol al.so conducted m.odel te,sts in which he attempted to 

reproduce on a small seal.e the movements of both the surface 

and the intervening strata caused by mine workings. ln his 

rnode·l, Fayol used wooden laths which could be remeved 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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Sll!l,i>isiji.~ieir,i,e.e, ~~y:e{l~J!!!):ie,Gl: ri~~:I.a~·;Ly ©We~ aim ar:eta g,re.-ate,r tlnin . t}:i;e 

a?:b-e,a wa,mk\'e:<iL. 

- When thick seams a-re extracted at shallow depths, 

- Ov-e,,r· t~,e e.,,i;ge ·•Grf S'lilb.srid'i:n,g· ·are-as an. a.rea o-f e,xte,n,sion 

cl:.e~el.q,ped:, su·r:frac'e 6:c:ae:~:s c:ou.,l,d: appear. 
' ' ' 

E>.4e:kins;en u1sea the te·rm "draw" for the fi.r.st time in 

Ele. de-f,i.n.ea: draw a;s be,i:.n.g the. horizcmtaT distance 

betwe:en · t~.e e~d:reme :p·ad:Jat 0£ the subsidence and the vertical 

p,rojecti.on of the m:i'.n.e working,s. Be attempted to relate the 

wa,y i.n whi.ch gr.·o,µ,nd movements develo.ped to the action of 

From the,. beginnin9. of the T.wentieth Centu:ry, more 

atte,ntio,n w;a.s g±ve-n. to str:a-:ta m·ovement. and the theories 

This emphasi.s on: 

g:rc!lu:nd movement l.ed to the dive,rgenc:e of thought on 

subsidence pre.di.ction. While. s:ome mathematically complex 

an.alyti.cal techniqu·e-s were be·ing developed, others were 
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Fig--ure 18. Fayol's Model Test (Shadbolt, 1978) 
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developing sophi.sti.c:a:ted empirical teehniques. 

tec:hni.qu.es were ciievel.C>ped ba,sed o.n concepts 

continti'lll:m' the·0•ry to stochastic medi.a. 

Analytical 

ranging from 

The most 

cem~inelii:e~~ive a•Iad w::Ld.ely u,sed empi.ri.ca1 meithod was a.eveloped 

i:n JB,r;itai}r.t l:>y uh:e. Nat,±0-m,a,l Cea\l :s,~a.:r::d. Tlii:,i.s method is b,ased 

0n da,t,a f;r:om s'ld,rf·a,ce s,1c1rveys above 10,ng.waLl workings in 

E&r·ita.in. 'J}h:e,s,e l,0>nfJ;W,al.l w0°rking,s are at depths ranging from 

80 :fee.t to 2; 73;0 freet with w-idth to depth ratio,s between 

0.16 and mo•re than 4. From this data, a number o.f tables 

and g:rap:h.s have· be,e:1a compi.led f:or us·e in predicting ground 

mevem:ent at 'tche surface. The complete surface subsidenc;e 

prer:f:i.be al0n<g _wa.th the ass0ciated strain profile can be 

0btai.rn:ed by f0Ll.owi.ng these graphs and charts. 

Other empirical methods a,re based on formulas, either 

being p,rofi1.e functions or influence functions. P:r::ofile 

functi.ons pe-rtain to l.on.g extracted workings which are 

sufficiently wiele suc:h that the maximum possible subsidence 

has occu:r::red ove.r the central axis of the working. The 

least width, such that this maximum is jus·t attained, is 

Galled the critical width; the smaller and larger widths are 

called sub-critical anGl super-critical respectively and are 

i 11 ustrated in Fi.gure 19 . 

A.sn influence function is an expression for the e.ffect of 

an element of extraction. It is supposed that the principle 

of superposi.tion can be applied so that the total effect of 

all such elements is additive. The complete subsidence 
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Su:b,criticql· 

Figure. 19. Relationship Between Super, 
Sub an.El. Critica.l Wb.rkirigs (Berry, 1978) 



obtained by 

integ,±:atincg .-the fuijet~:¢:ra ove·r t:fi:.e wiclth of the worki.ng. An 

aaivanta.ge of the i±rf'JYu.\e•niee fu•n©tion approach is that the 

to 

Figure 20 summarizes ground movements from the mine 

Wifure:n a,n unEl.erg:round opening is 

While many f:act0rs are 

is one 0f. t:n:e most imp.:e.rtant £,actors in f:ai lure. Assuming 

the opening is re,la:tively small, the overlying rock strata 

can bridge acro,ss the o:pening- a:r:i:d little if any movement of 

the top . ana bottom will occur. However, as the span 

increase,s, a p:oi.nt i.s reached where the stress in the 

overlying roe,k strata exce.eds some strength va1u;e of the 

reek and th.e .top brea~s. If the opening span is limited to 

s,0me sub-critical va,lu:e 0.r is at great depth, a pseudo-arch 

will fo,rm achieving stability be,fore rupture occurs to the 

surface. 'Ehe boundary of this arch i.s thought to 

approximate an elli.pse in form with the major axis vertical 

and equal to four times the span; there has been little 

field research to substantiate this theory. If the 



Ei.g,ure 2.0 . Strata 
Underground Mining 

Movements Resulting 
(Shadbolt, 1978) 

From 
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width of this op,ening i.s increased at this horizon to s,ome. 

critical va,lue or t:he same spa,n is created. i.n a shallower 

s'e,a,m, the ove,rlyi.mg strata will prog;re,s,sively rupture to the 

s,l::J.ir"fa,Ge am,cd the G'h:ca;rac:t:eristic sl!l,bs.idence trou.gh is formed 

a,s in F:i<~m:rr~ 21 ($cte,fai:;ilto, 1~73) . 

±··1 $'~\g;it;;i,,§':t,::j,q:g',;j, Me€3leiJ~,s ;t.J:il, M,'u,l.t,±:p,l,e M:trj,,,tr:ig 
' . ' 

It i,s ui:iivers,alLy reeogni.z'ed that because of the highly 

nonhomogeneous and anisotropic nature of geology, it is 

i.mpo,ssil::>le to a,e,hieve absolute ee,rta,inty in the design and 

T'.laat the concepts of 

p,robability must f'o.rm a,n i.n:tegra1 part of any rational 

attempt t0. describe tfue nature of these thing;s follows from 

the realization tha,t one must nece,ssari ly predict expected 

performanc:e 0£ the g.eologi .. c unive·rse on the basis of past 

e:Xpe,rience or of a limi tP-d number of material tests (Wane, 

Hassial.i s and Bo.shk0v, 1964). 

With the importance of statistical models understood, two 

attempts to stati.sticalLy analyze multiple seam interaction 

facto.rs ar,id predict their effects on second seam mining will 

be discussed. 

The first stud:y was conducted by Dunham and Stace in {J) 
:Bri.tain for the National Coal :Board. The purpose of the 

investigation was essentially to define the influence of a 

variety o.f interactive situations on the stability of 

underground excavations. Concentration of the study was 
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F±.gure 21. SuhsiGi·ence Trough ( Stefanko, 1973) 
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p,lac:ed in r0adways and iz:i. faces werked by the l,ongwall 

methed which is p:ired0mi.ne1~t i:ra Britain. 

A nliimiber o.f ca13e s,tu<.diie,s ef· intej:actien situations were 

ana.l:yz,.ed,. maiihly i.n lB{r:,itad;Il' s northeast cealfie,lds. A 

tY]i)'.d!cal· i,n~.e,:i:;:a,qt.ien s:it.,ua::t,i:o,n wiLl be, illu1strated. 

'Ehe e,f£ec"bs firem l'Iib edge,s, le,ft in eoal seams previously 

m±nei:d on a s,'lltIDg,~,ciie·:r:rt g;§ld~'e ro1c;t.cii~ay te an. ac:dvanc.ing longwall 

pa1n.el, we,re meastirea. El~re 22 shows the lecatiori of the 

preserit working.i;; relative to the p,revious workings. Panel 

R4.l i.s a 212 yard lon:,g advan.c:.ing longwall face worked iri 

s.e.am R. I:nsct:rument.ati.0:n w1as set in the gate r0adways of 

this p,anel. Ri±~b ed'ge,s i,n se,ams F and M. which overlie seam R 

are als'o sl'l:own. 'Ehe vertica1. diis,tanses to seams F and M are 

130 arid 3,L0 feet, re,spectively. 

Inst:rum:entati.on censi.sted of 1.3 roof.--f1.o.or corivergerice 

stations located in the ma.i.n gate. Stations 1 throu,gh 4 

were lo.cated unaer both seam F and. seam M gobs. Stations 5, 

6 and 7 we,re located under the rib edge in seam M but urider 

the gob of seam P. Statio.ns 8 through 12 were located urider 

rib e.dge,s i.n both superjacent seams. 

The re,su.lts of the monitering program are given in Figure 

23, which plots mean worki.ng height against distance from 

the fao.e. A general closure is noted at all stations; 

howeve·r, at stations 8 and 9 an incre9-se in closure over the 

previ.ous stations is noted. These stations lie 15 and 40 

feet, respectively, beyond the solid rib in seam P. The 
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Figure 22. Plan of the Workings at Colliery A 
( Dun.ham and Stace, 1978) 
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Ei,gure 23. Mean Roadway Height Versus Di stance 
from the Eace (Dunham and Stace, 1978) 
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w0rst effects were felt oe,tween stati.0ns TO and 12, lyi.ng 

l@O and 230 feet, re-s;pectively, beyond the rib ecl.g,e-. 

Improvement i.n c0I'iditd:0n as the face adva,nced f·arther under 

t'.hte s0Lia c:eal in ilfh:~ 0:ve:rl:y:i.n:g seams is il.lustrated by the 

m:ea,s,ua:cerne,ri-ts at s 1:ta:ct:.i@):m- 13'. 

Tl'te. re0s'alts fr0m aJ/L · of: the interaction si.tes sugge,sted 

tllat tsn:e major va1ricei1!h>le,s e,fif'e,s0ting th.e e,xte-nt o.£ damage are 

as foll.0ws: 

- The initial stability of the roadway. 

- The ve,rtical or pe,rpendi.cular distanc.e between the 

a,f·feetin(!J riJ::;, edJge and t~he r0adwa;y. 

- T'1Q:e g:e0me-try o.f. -the a.ff·e.ctin.g rib edge . 

- T:he seq;uence. o,f w,orking a,11 seams in an area. 

- The a.ge factor. 

- The superi.mposition of two or more rib edges .. 

Te develop a s:imple mathematical model, four of the 

variables were spe.ci.fied: 

X1 = Initial stability. 

X2 - Vertical seam interval. 

X3 = A.ge o.-f. the rib eci:ge. 

X4 = Geometry of the rib~ 

To quantify the initial stability of the roadway, Dunham 

ancl Stace used the NCB/M'1IDE Rc:>adway Nomogram. This nomogram 

was o.riginally produced to provide a broad prediction of the 

type of conditions that c·ou.ld be experienced in a roadway. 

A numerical value between 1 and 18 is assigned the roadway 



a,es,~,$:istn:e,nt 0,r . t~e i,n:i.tial sta'1:l>i.l.i ty a:nd is a,as:ed on a .. 

:iz:e,iaJa~a:y :6:a.et:er I . -ehe e,~iwalent d:epth a,:nd: '· tht.e rate of 

. . 

l - .. §' 8'<¥>'·Gi~ 00~~!a:-ttl:0.~~> •. 
')•:·. . .. , ., . . . . ... 

6 -Ji®. _ Mie;ae,it·ait:e: G:Gl~'.tii9.d:ili 0:1,U~ I m1ar:nte.:1ilahoe. re:([t.ti.r:e,cL. 

-1~@\-(Uf~;· :~~¢,r 01eij~~f~:~iais;, hje.1a,;vy -irua,i,ntEe,nj;tnc:e re'~2i.i:!ed .. 
. . .. · 

'l",h.\e v·er.t:i:cHfl inili.e:rval a:ma t'h.e a,g:e o,f · the ri:b edg,e were 

mea.sur.ed in feet and years, respectively. The g.eometry of 

-tJ.li:r.e ri:iib e&g;~ w,a,s g'd:~v:~:?J. e::a.e ef uh.e, follewin.g va:lue,s: 
. .. .. . 

l. = .~iti.+~\lte i:'ib e<ai~:e · 

Ii,==· N~~)ae;w 19,a:!l:a•i; I s1'1ilpe,r:imll)G>S•ed a-bu.tme•nts .. 

3 = rsola~te,ci 6,r s,e,~,i_-is:ola.,t:ed remnant pilla.rs. 

Miv,i;lt:i.pl:e. 1:i:ne,~,r . ite,g,re,ss0i.o·n wa:s us·ed to an-a•lyze the data. 

and the fel.1.ow,in,g :pire:cdicti.ve, m0de·l wa:s developed.: 

Y = 0 .. $46 +: O.0:ij,4. x Xl -· 0.003 X X2 

-· ©. 01.5 x X:3 +· l.427 x: X4 

. Y re~·re,sents a scale reaaway d~ama,ge index rangin.g from 1 

t.o. s, wi1ili:. 

2 = in.i:<gh,t m;e,a.s:urable e,£fect, bu.t roadway sta,bi l i.ty i.s 

trne;ff:ected. 

3 = M'0:der ate e.ffect, requiring a small amount of 

roadway mai.ntenance. 
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4-5 = R0;c:te:l:w;a,y damage is serious, heavy repair work w,i 11 

b>e re\;lttired,. 

E<~0m. the! e:b.e£;:[ii:cie1•rtrs, it eaia be se:e,n that the rib edge 

The n.e,gati ve 

OR.e p.ossi.ble 

Also tne mathematical moclel 

adequately predicted the interaction damage in only 13 of 

t 1hfe 2,h. G'cl.,s1e srt,u¢a e,s . 

Fn t,fu.e e:®i!,l;c1ti:io:ien ef "bhe,ir re,pe,rt, the authors stress the 

impei::tan.<tie oi e.l§taining more ala.ta. They sug . .gest that simpl.e 

mea,surin.g s:y,srterns could be useGl to cover a large number of 

s:ite,s. 

HRJB-Sin.ger, I:nc., und:er a c:ontract from the United States 

Bureau of Mines, co,Bdu.cted anothe-r research project. This 

p•roject attempted to eoStimate the impact of coal seam 

interaction on the Eastern Coal Province of the United 

State:S. The primary obje<l:ti ve of the study was to provide 

esti.mates 0.f e":Kpect.ed coal recovery, expressed as a 

percerrtag:e o.f the orig.ina.l in-s•itu reserves, when another 

e-i the-r subj acent or 

susperj ac ent . A f.urther objective was to determine the 

factors that ef:t'e·ct the recove-ry of seams so as to minimize 

fu.rther damaJge. 

The study collected data from four mines located i.n West 



In each of the mines, active 

Tlle study 

e;xami,ne.d. be,.!3lti. rn:~;gin(B' a0bove and lielow previous workin,g,s. 

6©n€.e,1'.li:~ratio~ . w1ca:ii:; 1 _ hq,we,ve,r, pla.,ee:a en tiJ:r.e ca,se of mi.ning 
. . 

a113.0~e p,re~i'f el.i,;$, vl'~~itzi~;.:i\1:c1;g;s ; 

A s;-J;;,c:d:i.fs:tri:c:'a:l me:d':~,1- was die:v:e,lqp,e.d t:0 p:redi ct the maximum 

!1:re,rcs.~14,_t; esX",t;:£:c3.,@,t·.~.G>a,i, :ii# @lir,(;? 0:f tcn,e tre,s,t nii,1,1es whi<1::h had been 

blocks, each of 16 acres. 

The mi:ne wa,s c;:i":i:vide.d into square 

Fifty blocks were chosen as test 

Pbr e,a,<1::-h bloek, 43 0bservations 

te,st bloaiks . 'l:Ifu-e,s•e 31 b,lo.ak:s repre,sented test blocks in 

The rationale was 

that if ps±Tla.-rs in the previously m±ned s,eam had an effect 

on oeal recovery in the current s·eam, then one could not 

legitimately use variable•s describi.ng these. pillars if the 

pillars had all been removed. 

Of t/ae. 63 crandidat:e variable0s, four variables were chosen 

stat.istical.Iy te p:reEl:ict peraent extraction i.n the upper 

seam. 'I'he,y w.ere icEentified as follow: 

Xl£ - Up:we,r mine perc:e-nt extraction (percent). 

X37 = Previous mine percent extraction (percent). 

XS2 Verti.cal di stance between seams (feet) . 

X6-0 = Overburden above previous mine (feet). 
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X61 = Time elapsed between mining (years). 

The following prediction eqµation was produced using 

multipl.e li.n.ear re.gres,sion: 

X15 = 14,6.824 + 0.27H3 x X37 + 0.2563 x X52 

+ 0. 0307 x X60 - 105. 5S(J6 x log X61 ... Eq. 10 

The loga.ri thm of X61, time elapsed, was used instead of 

X61 and the authors did not explain why this was done. 

A second statistical model was built using all 50 of the 

test blocks. Trie same procedure was followed with the same 

variables being found significant. The following prediction 

equatio.n was produced: 

XIS= 191.823 + 0.2266 x X37 - 0.1583 x X52 

+ 0.0158 x. X60 - 105.8583 x log X61 .. Eq. 11 

In a review of the 

Internationa.l question the 

coe,fficient of the previous 

HRB-Singer report, Engineers 

coefficients determined. The 

mine percent extraction was 

0. 2718 for the fi.rst e.quation and O. 2266 for the second 

equation. These positive coefficients indicate that the 

hi.gher the percent extraction 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 

extract~on, indicating more uniform extraction, hence more 
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uniform subsidence; fer partial extraction, this 

relationship se.ems doubtful. 

Next, conside:r the coefficient of the vertical di stance 

between se-ams. Th.e coeofficient determined for the first 

equation was 0 .2.5>62, while for the second equation it was 

-0 .1583. HR@.-,-·Singe,r claim both re-su1 ts are significant at 

varying levels. There is some que-stion how a coefficient 

can be significant while positive yet still be significant 

while negative. A positive coefficient would seem 

reasonable. 

The last coeffici.ent in both reg:re-ssion equations is the 

co.effi.ci.e.nt for the log,ari thm of time. In both equations 

the coeffi.cient is approx.imately -105. The negative sign is 

a.gain trouble,some_. This would indicate that mining should 

take place in an upper seam as soon a.s possible after the 

extractien of the low~r seam. This is contrary to 

established mining practice. 

HRB-Singer state that these regression equations are mine 

specific ~md new equations would have to be developed for 

each new multiple seam mine. This severely limits their 

applicability to new mine design. 



II I. C~,$e Stuc:3.:ies 

In order to analy~.e the effects O·f subsidence in multiple 

s.eam mining, ca;se studies we,re collected from published 

In. all, 60 case. studie:s were collected and 

ana.l.yzecl. Most 0£ the situati.ons described were from the 

A.ppal.ach:ian Coa.l Fi"eld,s, in particmlar, from the state·s of. 

We,st Virginia and Pe,nnsylvani.a. 

also examined. Several British 

Fo.re.ign case studie·s were 

studies, which involved 

instrumentation in 10.ngwall gate roaclways or in room pill.ar 

workin.g,s al:::>ove active longwall pane.ls, were examined and 

f.oumi to be very useful. Canadian studies of both coal and 

uranium multiple seam min.es were examined as well as 

American studie•s conducted in western states, including 

Wyoming and Utah. 

Several exarnpl.e•s of the case studies collected will be 

pre,sented. 

3.1 Case St1:1dy No. 1 

This case study is typical in that the mi.nes discussed 

are located in West Virginia (Peng and Chandra, 1980). It 

is, however, one of the few case studi.es in the Appalachian 

re,gion in which the mining method used in the lower 

previously mined seam was longwall. This lower seam, the 

Eagle Seam, is approximately seven feet in height and had 

been worked extensively by longwall methods. The upper 
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seam, the Campbell Creek Seam, is approximately six and one-

half fe.et in he·i:ght. Mini.ng in. this seam i.s relatively new 

and. most of the mining that had been completed had been by 

Lo,n~al 1 metho<d,s were however 

be,i.n.(!!J a.s,ed in the area of the st-ud,;y. 

'].h.e inne,rburden. is apro:x.imate,ly 190 f:eet thick. The 

ge0l0<!!J•ic section., wJlich ccH•1sis-t.s primarily of sandstone,s and 

shale;s, is illustrated i.n Figure 24. The ove,rbu.rden varies 

conside.rably because of mountainous terrain. 

In 1977 a longwall pane·l was driven in the upper seam 

over a lon.gwaLI, pal:l.el in the lower se,am that had been 

extracted in 1971. The i.mmediatre roof wa.s a shale 15 feet 

in thi ckne-ss . The overburden above the upp.er seam was on 

the order of 1,100 feet. 

Ove,r the gob of the lower panel, the quarterly advance 

rate had ave.raged 400 feet. As the rib edge was reached the 

advance rate had dropped to 11.5 feet. At approximate.ly 180 

feet beyond the rib edge, roof control problems became so 

acute that the face could no l.onger be advanced and the 

equipment had to be removed by rescue entries, as 

illustrated in Figure 25. The angle from the lower se-am rib 

edge to where the face became stuck i.s above 40 degrees, 

this is higher than would be expected or would be predicted 

from surface subsidence studies in the Appalachian coal 

fields. 
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Shale 
Campbe,11 Creek S.eam 

Sandstone 

Shale 

Sandstone 

Shale 

Sandstone 

Shale 
Ealge Seam 

Figure 24. Geological Column of Case 
Stud:y No. l ( Peng and Chandra, 19·80) 



Face became stuck 

Fi.gure 25. Cross-section of Case Study 1 
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British in origin. Farmer, 

a,t L,y,nemo'l:l.th Colli'eiy 

ground ni'oveme,nt.s abeve a l<i:mgwall face. Active mining was 

taking place in the Brass Thill Seam which lies 160 meters 

below the se,a. · becl ar:id ZOO m.eters below mean sea level. The 

working,s in the Brass Thill Se·am are overlain by old room 

and pillar wo.rkings in the· Main Seam 75 meters above. 

Figure 26 illustrates the geological column of the. 

innerburclien. The workings pre·sented an ideal opportunity 

for observation o.f strata de·formation above a l.ongwall face. 

The first f:ace to be e·xtracted i.n the Brass Thill seam 

was designated as K:4. The extraction he,ight was 1. 6 meters. 

The Main Seam above had been worked approximately 13 years 

prior. 

Instrumentation above panel K4 consisted of two. vertical 

drill holes, drilled to a depth of nearly 70 meters, to 

within 5 meters of the Brass Thill Seam. Wire extensometers 

were installecl in the holes and anchored at approximate.ly 10 

meter i,ntervals. Both holes were located on the panels 

cente·r line with the first hole, D1, 25 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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S·ands tone 
Brass Thill Coal 
Se·ate·arth 
S,ancsls•te,n.e 

Sandstone 
Seatearth 
Sandstone 

Mudstone 

Sandstone 

Mudstone 

Sandstone 

Mudstone 

Sandstone 

Brass Thill Coal 
Sandstone 

Figure 26. Geological Column of Case Study 
No. 2 (Hodkin, Dunham and Farmer, 1980) 
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ins.talled at junctions in roadways. 

Instrumentation. is shG>wn. in 

s,ettleme,nts · :fi':rom. JD1 ans. 1)2 

Figure 27. Relative vertical 

are illustrates. in Figure 28. 

g,e0m'.e:ttie;::a:l ra,tl:l:e:r t'ln.a,:n a g;e,<Ytrechnica.l ·fe,ature 

f:r0m Iowe,r settl.emefrt rate,s in tfu.e higher layers, 

se.en as a 

resulting 

Figure 29 

i1lufrtra,te·s th.e s,t:rb•si:Gienc.e p·rof.i1.e meas'1:1red as compared to 

N©B :preaicte.a s:absidene:e.. Tl':re measured subsidence is 

sub,stantially less tnan the predicted values. 

expl.anati0n present'ecd. by the authors is that 

A possible 

the large 

tert,s;ile str.a,,ins mea.sureGi su\gge,s·t bed separation is occurring 

a:rad thu:s smalle:r subsid't=n.c,e is occurrin<,l. 

In 1.976, Agapi to; Benn.ett and Hunter, conducted a rock 

mechanics study at • the :Sig Island. Trona Mine in Wyoming to 

determine the feasibility of mining two superimposed, 10 

foot thick, trona seams. Trona is a mineral used to produce 

soda ash. Mining in the trona seam is conducted by partial 

extraction room and pillar methods with conventional 

e.quipment. 

In tfu.e lo.wer seam, which lies 850 feet below the surface, 

extraction began. in I962. M0ining is designed for full 

overburden support with extraction at 60 percent. In 1975 

extraction began in the upper seam, 33 feet above the 
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H~lZOH-TAL BOA(HCJl.£,S H((HAlll(Al 
ANCHORS 
(0111/fRG[II(( STATIONS 
OOEP 80AEH0lES. 

Figure 27. Position of Instrumentation 
for Gase·No. 2 (Farmer, 19830) 
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BOREHOLE 02 

Figure 28. Relative Vertical Movement Measured 
from the Main Seam (Farmer, 198:0) 
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low:er s,eam . The innerbu:r,den consists o.f marlstones and 

A test panel w:a,s minea in the uppe,r with 

s,uperimpo;sed pl.llaj:s, th.riee ye,ars after the l,ower seam had 

·bee,n exrtz,raete:cl. 'lihe 01b]'e:ctiv,e,s of the pro(]Jram were: 

Fir'S"E, to m®.Jrd:t:0,r stabil,ity and ensure safe·ty of 

- S'eco:ad, to 0btain ba.sic design information for future 

mine designs involving higher extractions. 

Sin,g,1.e..;.point ee:rehole e,xtensometer measurements were made 

at d.iff.erent levels both frern the roe£ of the lowe:r bed and 

from the floor of the up,per bea. Upper bed mining i,nduced 

an i.mrnediate movement. Total displacements were small, with 

a maximum of O .2.5 inches. 'Fhi.s maximum measurement i,s as of 

two months after the upper seam had been mined. Regular 

inspections of the upper and lowe·r panels indicated sound 
( 

structural conditions. Upper bed blasting did however, 

induce spalling of l0ose roof slabs and pillar corners in 

the lower bed panel . Damage was minor but safety 

considerations precluc:led personnel entering the lower panel 

while mini.ng 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 mining 

face,s le.ss than 300 feet apart horizontally. 

Future plans at the Big Island. Trena Mine include 

continuing to monitor displacements and strains in pillars 
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Shale 

UJDper Big Island Seam 

Marl stone 

Lower Bi.g Island Seam 

Marl stone 

Figure 30. Geological Column of Case Study 
No. 3 (A:gapito, Bennett and Hunter, 1979) 
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with progressively higher extractions to determine optimum 

safe extracti.on ratios. 

The m::iaa.e und.er cens.i.de.ration i.s located in 

Gaml\)'l!'ia Geunty, Per:in,sy:J, vani.a, (Iffia.sler, 1951) . F1 gure 31 

illustrate,s the g;e0logical column of the reg,ion. There are 

many seams of coal in the reg.ion. In this particular case 

s,tudy the lower s:e:am, tlire Lower Kittann,ing Seam, had been 

se,am, the Upper Freeport Seam. 

4:2 inches in height. 

Both 

The were 

inne,rburde.n 

a~proximately 

was 180 fe.et thi.ck and consisted mostly of 

shales with some sandstone and coals. 

Th.e lower seam had been mined approximately two years 

before extraction of the same area in the upper seam began. 

Elxtraction in both seams was by room and pillar methods. 

Some a.re.as of the lower seam had been pillared while in 

other are.as pillars had been left in place. The upper·seam 

pil.lars were columnized over pillars in the lower seam. 

In areas where pillars had been l.eft in the lower seam 

for support, no problems occurred in the upper seam other 

than a marked reduction in the amount of water encountered. 

Major disturbances occurred, however, in the upper bed over 

are.as where the underlying bed. had been pillared. 
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!£hale 

Sandstone 

Shale 

Sandstone 

Shale 

Sandstone 

Shale 

Upper Freeport 

Shale 

Lower Kittanning 
Shale 

Figure 31. Geological Column of 
Case Study No. 4 (Hasler, 1951) 
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The mine is located in 

I;>t1:d::or t.o ul:i.e e.x.traction of tl:l.e uppe,r seam, the Sewickl.ey ,, 

Se,am. 

The Sewickley Seam li.es 85 f'eet above the Pittsburgh Seam. 

The in:ae,rb:u:.rden. is p,rimari1y shale and is illustrated in 

T,he 0verhurc;ien ahove the Sewi ck1 ey Seam is 

apprGx.imately 4ic0'0 feet tJ:aic:k. Extraction in the Pittsburgh 

Seam hacl been by room and pi 11.ar methods with ove,ral l 

e,xtraction about· 60 percent. Some areas, however, had been 

ro·bbed and therecfore loca.lized are,as of total extraction 

ex:i sted. 

Up:per seam workings, which were not a.ligned with the 

lower s,eam worki,ngs, met with varying degre.es of success. 

Ne di sturb.ance was f.elt in the upper seam over areas where 

the pi 11.ars we:re left in th.e l.ower seam. In areas above the 

robbed sections of the Pittsburgh Seam, the fl.oor, coal and 

roef were feund to be fractured. · Figure 33 overlays 

workings frGm both se,ams . It can be se:en that as the upper 

seam workin.gs approached the robbed area of the lower seam, 

bad top conditions developed and the mining had to be 

stopped. 



Sandstone 

Sewickley Seam 
Shale 

Limestone 

Shale 

Pittsburgh Seam · 

Figure 32. Geological Column of 
a:as·e Study No. 5 (Zacher, 1952) 



Figure 33. Overlays of Mine Maps for 
Case Study No. 5 (Stemple, 1956) 
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In an a-ttempt to p,re,Glict mu1 tiple seam mi.ning problems in 

the A:ppalaehian G0al F1.eld, th.e case studie·s that were 

c:0.l.lee;'t.e.Gi we·pe a-n:alyz:e.cl;. 0£ the €>0 case studie.·s collected, 

44 were :from this re:gi0n. Only thes.e 44 studie·s were used 

in the ana.lysi.s. 

Fer ea;ch 0f the 44 ca,se studies, a damage level was 

assigned using a six point scale as follows: 

0 = No dama.ge . 

1 = Fractures p.re,s.ent in the upper seam 

(n0 roof pr0blerris associated). 

2 = Fracture,s wi.th movement visible. 

3 = Roof problems encountered. 

4 = Major reof probl.ems encountered 

( entire entries caved) . 

5 = Coal aban.dened due to roof control problems. 

For the analysi.s, this damage level was correlated with 

the fo.llowing facters: 

- Innerburden thickness. 

- Percent sandstone or "hardrock" in the innerburden. 

- Percent extraction of the lower previously mined seam. 

- Lower se,am .height. 

- Time. 

- Overburden above the upper seam. 

Tables 2 through 6 contain the data collected from the 
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CA,$,~ 
SIF:tm>Y: 

SOURCE 

S:TJ!HVItPLE 

STEMPLE 

STEMPLE 

ST.EMPLE 

STEMPLE 

STEMPLE 

STEMPLE 

STEMPLE 

INffi'ER-
B'U:RDEN 
(FEiET) 

50 

12.5 

75 

70 

65 

65 

350 

350 

83 

Table 2A. Case Studies 

% b 5i~J'AM TIME OVER- DAMAGE 
Sl;-\NE>- EXTRAC- HETGWT BURDEN 
/~}TONE T!ON ( INGHES) (YEARS ) (FEET) 

30 70 .52 1 2 

42 6 650 1 

70 70 45 1 375 0 

6.5 68 0.5 150 4 

55 65 53 0.5 500 1 

7 70 46 3 220 2 

30 60 62 1 80 0 

50 60 54 0.5 175 0 

90 54 0.5 175 4 



OAS'll: 
STUB¥" 

SO'tJRC·E 

HASLIDR 

HASLER 

HA-SLER 

HASLER 

HASLER 

HASLER 

HASLER 

PE:NG & 
CHAR:DRA 

INIFIDR-: 
EH:J;~i\)\~{N 
(.Hii'fil'.i) 

14'5 

43. 

42 

45 

83 

8'.4 

Table 2B. Ca.se Studie-s 

% % S;EJ•AM TIM]; OVER- DAMAGE 
SiAiNf9-: E~'I'RAC- HE E@HT BiiJ'RilZ>~N 
S-'illOliiJE Tl©N ( I'NGR!EIS) (YEARS) ( FEi'r) 

Q 400 4 

10 1 

40 38 0 350 4 

20 70 2 725 1 

40 0 2SO 5 

10 85 51 12 175 2 

10 85 51 0 175 5 

1.0 42 0 300 5 

5 85 49 10 300 5 



CAi$E 
STT:IDY 

SOU,RCE 

PEN@ Sc 
0:NA:NDRA 

PENEr & 
CHANDRA 

ST:El:MPLE 

STEMPLE 

STElMPLE 

STEMPLE 

STEMPLE 

STEMPLE 

STEMffi'>LE 

IN'fil\ER-
JB'lJ:~~N 
c.tmiE'.T) 

51.0 

65 

470 

275 

420 

&5 

'I'.a:hle 2C. Case Stuclies 

4i.· . ·% . $1il1:\:fi[ TIME o:,;z~R:-:- DAMAGE 
S~,... E%,T/R~C- :WIEli:E€Ha1T EHtJiRIID,EN 
s(fut5:roiE ±I®N < r:Ni.eMims> (¥111ARs> (FmE±> 

600 0 

eo 90 6 110 5 

54 12 250 1 

8G) 57 1.0 200 1 

50 TS 68 5 375 3 

15 90 90 9 150 3 

165 9 400 2 

40 4 50 2 

35 so 44 17 0 



GASE 
STUIDY 

SOURCE 

S'FElM~LE 

STEHVIP1.E 

STEIMPLE 

STEMPLE 

STEMPLE 

STEMPLE 

STEMPLE 

IN!il?Jiib-
BT!J:RiID\fuN 
< iBirrf > 

65 

40 

g(.').Q 

4.0 

14.0 

150 

80 

80 

Table 2D. Gase Studies 

% % S,EJAM TIME OVE!R~ DAMAGE 
S~~- El*~:DG- HETGH:T B;tJ,~ElN 
ST'.©N1E ']f(),N (J:NC!IDE:S) ( YEARS) (EEi@T) 

8\0 4:8 l 

75 51 23:0 '5 

90 35 200 2 

20 3 

0 57 10 300 3 

90 38 7 620 3 

10 50 44 5 125 0 

96 5 400 0 

15 96 5 400 2 



CASE 
S'I:'OOY 

SOURCE 

STEM\PLE 

STIDMPLE 

STEMPLE 

STEIVIPLE 

STEMPLE 

STEM,PLE 

STEMPLE 

STEMPLE 

INJilER- . 
EliHfID,EN 
< fi,,mtf > 

14/S 

100 

1.50 

150 

2.10 

11 

100 

50 

87 

Table 2E. Case Studies 

. % % SlEAM TIME OVER- DAMAGE 
SANfD- E:X'I'RAC- HEIGHT B-lJRE>iEIN 
STONE T LON ( INCH)ES ) (YEARS) ( FEET) 

7 72 9 300 0 

0 65 72 9 350· 0 

30 48 3 150 3 

48 0 ISO 2 

75 42 2 750 3 

0 75 42 0 5 

50 65 60 25 200 0 

88 60 20 600 3 
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c.ase studies. Plots of the data were made to see if trends 

or relationships were present. From early plots it became 

ohvieus that percent e,xtraction was the dominant factor and 

that to cleve).:ep, rela±ionsh±.p,s, o-ther factors should be 

p.101:tt:ed a-g:airi:s,t phec;;e,:at ext,racti on . The-se p.lo ts are show,n 

in A]Dpendix A. .From th.es'e plots it became. obvious that a 

~:µiantitative lesVeT of dam'age could n.ot be pree:iicted from the 

data. A !l)attern could., however, be seen in all pl.ots except 

overburden versus percent extraction; therefbre, overburden 

was eliminated from t:fu.e model. 

E'.ach pl.ot could he divided irat0 two areas; no appreciabLe 

damage consisting of levels 0f damag,e O no damage and 1 

fractures pre·sent but no roof problems associ.ated; and 

d1amag,e cons·isting o-f all highe.r levels of dama.ge. Thi.s 

patte,rn or natural grouping was later varified statisti.cally 

by cluster analysis. 

Cluster analysis is a technique used in many empirical 

fi.elds t0 identi.fy groups or clusters of data which are 

similar. Each individual data point or case study may be 

represe.nted by a point in a multidimensional Euclidean 

space. The technique attempts to group these points into 

di.sjoint sets which it is hoped will correspond to marked 

features of the sample (Gowe.r, 1967). Cluster analysis is 

often used where larg.e 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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dd.scovering whe.ther there is any structure inherent in the 

dsata (J0hn,so:h, 1967). The procedure is detailed in AppendiX 

This indicate,s that, 

th.e i.nc:l.ucited variable:s, a, usef:u1 s;e,paration in the data doe,s 

'.]'l'ili.s separa,ti0n. divic::le,s dama.ge into tw0 su.bgroups, 

n.0 a.ppreci able damage and damage . Il'ilb a])preciable damage is 

def.ined as no harmful effe.cts on second seam mining. 

Figures 3·4 throu,gh 37 illustrate the pratte-rn f<Dr each of. the 

In 0,rde:r to develop a m:0de 1 i,nvolving more than two 

vari.able0s, the,sie patte,rns had to be inter-related. Many 

m:ethocls were attempted but the following proved most 

successful. 

inne:rburd.en 

The first variables to be inte-r-related were 

thickness and height. This was 

accomplished by.creating a ratio of innerburden thickness to 

seam he.i ght. Thi.s ratio was plotted against percent 

extracti.on. Figure 38 illustrates that with three variables 

i.nter-rel.ated, a separation i.s still apparent. 

Ti.me was the next f:actor to be included in the model. A 

mu.ltipl.i.cative relationship was assumed. The innerburd.en to 

seam he,ight ratio was multiplied by time and plotted versus 

percent extraction. In Figure 39 it can be seen that with 

this combination of the four included variables most of the 

vari.ability in the model can be explained. From this point 
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s,a,ndist01,1e 0'r n,;;i,;r~•r:e:ck, te be- included. in the model late,r. 
' . 

E:t~m Fi,~::i:e 3-~.: a•a e,~ation. was d.evelo:ped involvin.g the 

. .ffe.lJ::0w:iLn~ ·· . va,J?ii:a'ja<J::E!'S. : 

- ·Iii;i.m;e,.rs~cd'.~ .. ~J:a,1:ti}R;-9t1.~,s;s . 

This equation represents the boundary between no 

C{a',]jc,uJ:,a:ta:ie:h:s a,re shown in Appendix C. 

whe,re': X - percent e~rt.raction 
Y - (i.nnerl:>urden/se:ain hei.ght) x time 

This e,cqtU:,a,ti.ori ,ceuld be e,.xpres,s:ed in a form so · as to 

P'roduce a d.a:nrac,Je factor as f-ollows,: 

D:F- =· 1239 + Y - 1.8 ... 83 x X . . • E-g. 13 

where-: n,F - .c:iamage factor 

C 



97 

']?:his dama<ire £aetor. eou1d be interpreted as a safety 

factor. WJiien th.e . f:actor is p05iti.ve, . no interaction 

When 

th.e fa,t::tre:r is Ii:e,~:a,tive, Gi!arnag:e shou,l:d be a,nticipated in 

se,00na s;eam nt:fu::rr,j_}r,rg. TJfue riua,qr,:ra,i:tude 0,f a lil.·e,gative damag"e 

f,a,ctor ca,n. net be inEfp':ttprej~ed a,s a. de,g:re.e of dama,ge but 

ra:t,J:i,e::r a.cs a d:etgi:rze:e 0f certaint:y that dam·age will effect 

uppe•r s,e•am mining· .. 

For ease of calculation, a nomog.ram was produced a.s shown 

in Figu:re 40. Ferr e:a;s,e of construction and use, equati.on 13 

w,a,s · modif:±:ed -e.0 : 

E>F = 620 + 0.5 X Y - 9.42 XX. Eq. 14 

Th.e model did, however, show some variance that could not 

be explained by the factors involved. No attempt had been 

made, thus far, to correlate geology with damage. To do 

th.i.s, the caTculated damage factor was plotted versus 

percent sandstone or hard.rock. From Figure 41, it became 

apparent that pe;rcent sandstone was a factor. A rotation 

was pre,sent in the plot. For stable conditions, higher 

positive damage f'actors were needed for low percent 

sandstone than were needed for higher percent sandstone. A 
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simple linear relati.onship for the adjustment was developed 

as. follows: 

w1:fu:.e,re : ~lF - acl.ju·i:rtre,d dam-age facto.r 
- F)eirbe:nt sandstone or hardrock 

With the model new complete, the Adjusted Damag.e Factor 

predicts damage to an. upper seam in all but 3 of the 44 case 

Aluhou:gh the exact extent of the damage 

is not pre,ciJ.ict.ed by the mJDEiel, the presence of damage is 

predittecil. in 93 pe,rcent of tc:fue case studies. 

contains an ex'ample of the mod.el' s u.se. 

Appendix D 
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Te determine t:he faetors which gove,rn damage, caused by 

su;bsidence, in m!ttltiple s·eam mi.ning an unde;rstanding of 

s1:'rat,a. moveme,n.ts ab:ov:e mine w:orki.n.g;s was nece·ssa.ry. 

'li'.llil.e sr:e,ati,o:n 0£. a v'e,d.d oJ:' werkin.g. in a seam of coal by 

underground minifig produ.ce,s a d'i.sturbance i.n the natura1 

s·tre,~cs fie.Id. 'I'i;re e,f:'fe:et of the stre,ss chang,es cause strata 

deformation a,nd disp;lacement which., de,pending on the 

dimensions of the opening, can extend to the surface. When 

a v0,i0. 0,f suffi..cient size is made, the immediate roof breaks 

an:d fa.ITs fa:ito · the cavity. The co,llap,si.n.g, or caving, 

mat.e,?:'cial is in the . form of broken blocks and therefore 

i.nerease,s · in bu,lk a,nd occupies a g,re,ater volume. At a 

he,igiht of 1.0 t0 IS time,s the extracted seam height, caving 

stops. This ca:,ved material offers some support to the 

overlying beds of rocks and bed s.epa.ration occurs. Upper 

beds tend to sag uniform1y like a continuous beam and assume 

a fairly regu.lar trough-shaped curve which continues to 

develop to the. surface. Fi.gure 20 summarizes ground 

movements fr0m the excavation to the surface. 

Once strata movements above underground workings were 

unde,rstood, case studies were analyz.ed to determine the 

factors whi.ch control damage to an UJ:D!;)er seam. From this 

study, the following factors were determined to be relevant: 

- Innerburden thickness. 

- Percent sandstone or hardrock of the innerburden. 
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1,0:2 

- El'xtr'asted height of the lower seam. 

- Fe,rc:,e:at extr~tctdo,n of the lower seam. 

- 'T'::bme. 

I¥awi,ng cle,te,rmd,);r,ed th,e co,ntrolli:ng fa.ctors, a model. was 

r:>Jii.1.t w,,fu:ic11:l ppe,cl'icts wd'aien damage to an U]i>per s,eam wi.11 

The model accurately predicted 

cl,amea:g~ i.n 41 of tri:1:e 44. c;a,se s'tue.,ies collected from 

Appa:1,a.Chian ceal,fiel:ds. 

The model was designed not to be used to predict an exact 

<¥,La,nti tative Leve,l o.f d,amage, but to be used as a design 

t:001 eased on p:>fa:;st e,*pe,rien.ce to determine when interaction 

p:roblem:s Will have to be dea.lt wi.th. A,s in all p,redictive 

m·oc:lel.s based en e*p.eri.ence in one g.eologic region, 

succe,s,sful appl.icati,.on sh0uld be confined to that region. 

The princi.pl.es and f.aetors involved in other regions would 

be the same; however, the relationships could vary, thus 

rendering the model less accurate. 

If the model predi.cts that <;iamage i.s likely in an upper 

seam, it is not the author's intent to suggest that the seam 

is unminable, but rathe,r that intreraction should be 

cons:id:ered in the min.e layout. Case studies indicate that 

shear fractu.res are induced above remnant pillars and above 

solicl coal .rib edge,s. T.he,se a.reas, allowing for the effects 

of draw, should be identified in the uppe·r seam and mine 

layout should reflect their existence. Other problems 

caused by tension cracks and by bed separation should be 
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conside.re.Gi als0 . 

'I'ilil:e a,eeurac:y of the model su.ggests that the approach used 

is vi,abl.e and. that med.e·l re.,sults can be ap,:E;>Ii ed with 

cez:if'.iden.ee in the· Al§l]l)al.ael;ii:·a:n eoaTfieids . 



VT. Cgng,lui;;ions and Recom1nendations 

6 .1 G9:p:clu$:i.QJ1,s 

B·a0sed on the fi.ndings of this research the following 

conclusions can be ma.de: 

1) The eff·ects of lower seam mining on an upper seam can 

be. grouped stati sti.cally i.nto two groups: 

1) N0 a.p.pr.ecia.ble damage. 

2) Damage. 

2) Using thi.s grouping, prediction of when to anticipate 

interaction problems in an upper seam is possible, given the 

following vari.able,s: 

1.) Inne:rburden thickness. 

2) Percent sandstone of innerburden. 

3) Extracted seam height. 

4) Percent extraction o.f the lower seam. 

5) Time lapse. 

3) As in surface subsidence, there is no harmless depth. 

Case studies have reported damage in upper sea.ms where 

innerburden has be.en as much 900 feet while other case 

studies have indicated no damage with innerburden as small 

a,s ES 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 andpillar mining 

methods, the roof will arch and only minimal subsidence will 
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occur in beds above the he.ight of caving. If extraction is 

below this limiting value ( approximate.ly 65 percent) and 

ex"Eraction is uniferm, damage should not be anticipated in . 

seams above the· heig:ht o.f e:aving. 

6 . i Reqq:mre.§!:pg,·atJ 9.11@ 

In areas liJte t:r:1:e ~J!:>i:;>ala.chian re,g.ion where mining 

op.e,rations have been a•ctive f0r many years, predictive 

models based on past experi.ence are very useful. In areas 

where mining i.s relatively new, however, a large enough data 

bas•e weuld not be available to adequately predict 

con:cilition.s. With the need to predict interaction problems 

not only in established mining fields but in new co.al f.ields 

a.s well, a method net ba:s·ed on past experience but on a 

theoretica.l understanding of the mechanisms involved is 

necessary. 

Any theoretical approach to interaction problems must 

lead directly to an estimation of def.ormation since this is 

the significant factor that influences mining. A knowledge 

of stres.s fields is of little practical use if it cannot be 

correlated with deformations. 

The Appalachian coalfields present an excellent 

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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p:r:-eviously collected i.nte,raction case studies. With this 

data base and a minimal ameunt of field measurements in 

actiVe multipl,e seam ope,rations, darnag.e could be predicted 

bas,ed on displacement and. strain. The knowledg.e acquired in 

the AJ:)JE>ala.chian re·gion· could then be more ea.sily· applied to 

oth.e:r re,gions . 
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Ln,,itia.l.ly cas:e s-t1a:€l!ie,s w:e:r;-e a:aalyz.ed u.s:ing cluster 

a,rc.raJ::.:~tsj>s, te sree. if. n.•a:,t.1a:,r~l gJE®A:l:pirrg1s or cTuste,r s exi.st:ed 

a:round iia:Gl.±vidu:al. Le:vels e:f a'amage. After e~pe:rimentation 

i.t: :b>e:cam:e aii:pare,nt: tililat t:fu.e,se <group.in.gs could net. be 

de;ve.l.o,ped.. 'JM:11:e,r1: was he-w:eve,r a us0efu.l structure present. 

TabJ..e,s 7 ancl 8 s'12l:mmari.ze a computer eutput in which two 

natura.l g,reupi.ng:s er c1u:ste,rs can l:D.e se,en. 

G•:bµ,s,ter t iBdJ.utcll:e,s .2:3 cas:.e s·tutdie,s, all l:Dut on.e of which 

are o,f dar1:1ag(e le,w,eT 2 or higiher. c·1u.ster 2 include·s 18 case 

stud:ie,s of wh,iEih 14 a,re ef Gicali!,ta,ge Lev:el O or 1. This 

g1l:'.ouping su,g,g.e,srts t:fyat t.:h:,e c,ase studie,s f:a11 into two .groups 

as w,as pre·vi.ously assumed in the empiric:al mod.el building 

pro.c.e.dure. One greup inclu.de·s damage levels O and 1, 

indicating that i.f· cla1mage were to occ:ur in an up.per seam it 

weul.d not ef·fect mining. The second group includes all 

hig:fue,r dama,ge le.vel.s, i:mdicating that damage is to be 

expected a:nd that this damage will adversely effect mining 

in an UF)pe,r seam. 
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Ex,ample of Model Use 

coal co:mp,,~ny ts .• <i0,n,s:ideri.ng developin(!3' a mine in the 
1lp:p,er eo,al Se,~#t. 'Dh;bs .. Si~:eym overlies the lewer seam.. The 
16wer c,oa,:t had Jreen ~~,tracted. to. a s~,a,m height of five 
fee,t, orile y:~,at · i;;{tiot. El:X:tr-aetio:n had been by room and 
pillar methpds to a, 7"0 perce,r1:t e·xtracti.on rati.o. Drill log.s 
i.mdi.cate t.h.e i,m::l!e;:iibur~en be-t:we.en se,am:s is 90 feet and it 
c0.or1s•is,t.s 6£. afl)::p:r.oid,mateLy 40 pe:.rcent sandstone. 

innerburcl:en = 90 feet 

=~:i!e:~f£!!?d:t!n!e!t 4,0 % 
time = I Y,tea:r 
p¢"rcent ex:tr·a:.c,ti,on = TO % 
innejriburde:n/seam he,ight = 18 

U'sing F:igure 48 
D1F := -'3:0 
u:s ing eG)fl:lati 0n 15 
AIDF = D·F + ( Z - 50 ) 

w:he·re: ADF - Adjusted Damage Factor 
AID·= pamage Factor 

Z = .Percent Extraction 

l:IDF = -40 

This indicate·•s that interaction problems should be 
expected in the upper seam, i.f the s.eam is to be mined. 
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,, ,, l7•N~m~@T'I'0N ·· El:FEECTS BUE T0 

$'l~lB£.Li>~NSE IN NmIL.TI.Pt.E SEAM MIMING. 

sit 
·. ~~~~Ja¢;n L , We~s;:te,r . 

t•~~j~~T') 

'••·.· .... :· .. 

'.E~~. ~P.?)~1ai:l/a'.e:~d:a:r-r .. ci6iaJ: · f'ii:~,1.ciis e:0~tairi inia,my . c,o,n:bJ'..gl;l;e•u;sl.y· 

. Pt:J:a,!$~'9-f is•~!~I:rr@ 9,,t. G!e,~,;~ . ~±:~~;n,g in.. t'he;se seam=s has be,en a-cti.ve .· · 

. ®¥~ s~:,~i · ~J:a. ~-~t:¢'.~~~~-. p,:et~i0a. G>>f ~·im:e 1;1:i,a:t c·G>,ns•i.Gl.e:rabl.e 

~new'l.e;d!.cge ha,s been. gra•±:ia:ea i.I:i th:e a,rea of multiple seam 

man.i11,g·. 

pt i,$ ¢;~;~10~:i.Y iilt€!¢'Ei:I~t~:e:a ·bha,t the, pre,fe,rred seqµence of 

i.s or.de-r. 
' ' ' Me.w-e,ve-r, in,. it};),:~. :pas,t, s:el:e,s'tion o,f the mini:n:g seque,nc.e has 

' ' . 

. b~:en· . bC?-,seEI ~;rf.in;a.r.iry. o-n se,am owhership, ava:il.abi.lity and 
. . . .·. 

. ·· .... 

e·ciceri0riric•_s ;. fiot G>>i:i: g&.t:G>lilc±:1d e:entr·el c:Gnside.ra:tio.ns. 

This 

i.ntV'e,sti:ga:ti.on e.-xami.nes th:.e a.ffe.cts of subsi.d.ence not on the 

su;r.£a:ae- l!>:u:t o.n mi.ne,able s·eams of c-oal 1.ying above the. seam 

"the App:alaqhi.an re,gi..on .. 

C'ase stu:die-s were coll.e-cted fr.om 

T:he,se studies . were analyzed to 

<d:e,:te,rmine w;},l:Lcli fa.ctors ccnl:.ld be c.or.relateo. with d:ama.ge. An 

then. developed to predict when 

interaction problems caused by sub.sidence will noticeably 

e•ffe.ct mining in an upper seam. 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139

