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INTRODUCTION 

Mining subsidence is an important environmental phenom-

enon associated with most underground coal mining systems. 

The damage caused by this phenomenon ranges from land set-

tlement to severe structural damage, and has been witnessed 

in rural as well as in urban areas. In fact, it is reported 

that in this country subsidence has had ,J.n adverse affect 

upon property in about 30 states (Singh, 1978). 

In a recent study, the United States Bureau of Mines 

estimated that, in this country, over 2.0 million acres of 

land have been affected by mine si..:bsidence, with an addi-

tional 1.5 ~o 2.4 million acres projected to become similar-

ly damaged over the next 20 years ( 0 1 Roi..;.rke and. Turner, 

1981). In order to control this problem, the Surface Mining 

P,eclaimation and Control Act of 1977 has mandated that a 

subsidence plan be incorporated into every coal mine design 

(Office of Surface Mining, J. 979) . This action was taken in 

order to achieve the following objectives: (a) "to prevent 

subsidence from causi:r.g material dama~;e or lessening the 

value or reasonably forseeable use of the sul-face, 11 ( b) II tO 

mitigate the effects of any material damage or diminution of 

1 
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value or forseeable use of lands," and (c) "to determine the 

degree of material damage or diminution of value or forsee-

able use of the sur fac·:" (Office of Surface Mining, 1979). 

Subsidence control is feasible within acceptable envi-

ronmental levels given an accurate and practical method of 

subsidence prediction. The f..:~c:.:sibi li •:y of subside::-:ce con-

trol has been clearly demonstrated in many foreign coal-

fields, particularly in Europe where sur~ace displacements 

can be predicted to a suggested accuracy of better than +20 

percent. 

In this country subsidence is rapidly gaining emph~sis 

as an importa;.-it. problem oi: underground coal mining, espe-

cially because of an increased interest in longwall mining. 

Yet the art of subsidence prediction, and hence the control 

of subsidence, for both longwall and room-and-pillar mining 

systems is far from app=oaching maturity. It is necessary, 

therefore, to deve:.Lop and app]. y prediction methods capable 

of providing mining operators accurate and flexible estima-

tions of mining subsidence. 

One limi tc.tion to the developmc:nt of m .. 1bsidence theo-

ries and prediction methods in this country is the lack of 

an appropriate data bank. Such an accumulation of s•J.bsi.-

dence data is necessary to establish regional sub:c;j_dence 

characteristics and to validate the applicability of ::he 

various prediction ~ethods. 
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During this research, a comprehensive effort was under-

taken to establish a subsidence data bank consisting of pub-

lished as well as unpublished case studies of mining subsi-

dence. This effort was very succesful, resulting in the 

collection of information pertaining to 34 longwall panels 

in Appalachia. The subsidence data were processed and ana-

lyzed to develop some basic relationships and trends of 

longwall subsidence in that region. Finally, this analysis 

was used to develop an empirical prediction method which can 

provide an accurate and practical tool of subsidence pre-

diction in the Appalachian coalfield. 



Chapter I 

LITERATURE REVIE\v 

l. 1 SUE:;>i_s!~~~-~ g_bara_cteri stjc~ Q~~~ Long~~~-~ f_ane.1:~ 

Although longwalls contribute to only a small per-

centage of the total United States coal production, this 

mining method has significantly increased in popularity 

sj_nce 1969 and continues to grow steadily {Von Schonfeldt et 

al, 1980). The longwall method of mining entails the remov-

al of a long rectangular block of coal as shown in Figure 

1.1.1, commonly referred to as a panel. As coal is mechani-

cally removed from the longwall face, the immediate roof 

caves into the mined-out, or gob, area. Placing solid ma-

terials into the gob to prevent the meeting of the roof and 

floor, otherwise known as convergence, is termed packing or 

stowing. 

Because a large tabular section of material is excavat-

ed during longwall mini:-.g, the resulting surface displace-

ments are generally greater th2.n those obtained with the 

room- and-pillar method of rnininci. The factors contributing 

to tota.l subsidence, and the general shape assumed by the 

surface displacements overlying a longwall panel, have long 

been areas of interest for subsidence investigators. 
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One hypothesis introduced early in 

widely accepted today is the trough 

theory of subsidence (Peng, 1978). By analyzing surface and 

underground rneasuremen~s from European case studies, Dunrud 

( 1976) revealed that surface displacements affect an area 

larger or smaller than the area extracted. Lehmann (1919) 

observed that the disturbed ground surface assumed a basin-

like shape, as shown in Figure 1.1.2, within the limits of 

draw, for several mines located in the European coal dis-

tricts (cited in Zwartendyk, 1971, pp. 85-86). Based on 

this observation, the trough theory was proposed. This 

theory assumes that the surface above a single horizontal 

opening settles in the general shape of a trough, with the 

maximum subsidence located near the center of the excavation 

and the magnitude cf the displacement decreasing outward 

from the central point (Peng, 1978). 

The angle of 1nclination between the edge of the 

workings and the lateral li~it of subsidence at the surface 

has been termed the limit angle, or angle of draw. For Eu--

ropean case studief3, the limit angle is normally measu~ed 

from the horizontul, and for mines in the United States and 

the United Kingdom, it is normally measured from the verti-

cal. The angle rr.easured from the horizontal, between the 

edge of the excavation a~d the ~oint of maximum tension, is 



7 

++-~ 
:\ncicli:i.e 

I 
·'-c' ~1, ..,,, :\..41 ,._I __ ..... ...._ 

I 

I 
Extension Zone r I 

. I 
······-~I~. - - -· -- -- - -.~'--: .. ,.,.. 

>~~-'J~~L·•········~ 
I . / 
I ! : 

De:..Lcbt:..::i. 
I .,, 



8 

commonly known as the break or frac-cure angle (Singh et al. 

1976). The value of this angle is generally larger than 

tha~ observed for the limit angle. Figure 1.1.3 illustrates 

the location of the angle cf draw. 

Brauner (1973) described the limit angle to be ir-

dicative of "the limit of movement5 causing damages to 

structures, the limit of measurable movements, or the begin-

ning of zero movement. 11 He al so sugge;5ted that the angle of 

draw is not an absolute rock characteristic, and neither 

does it qualify as a materi2l parame~er since it does not 

meet the elementary requirements of measurabili ty and sole 

material-~ependence. The limit angle has been found to vary 

with the thickness of the material removed, increasing 

the volume of material excavated. It is difficult to assign 

a numerical value to the limit angle because determination 

of the exact location of a zero quantity at the surface is 

not always possible. Brauner has defined an indirect method 

of measuring the angle when there is uplift at the edge of 

the subsidence trough. Point a in Figure l.l.~ illustrates 

the interpolated point of zero movement found with this type 

of analysis. 

TLe fracture plane associated with the angle of 

break appears directly after active sur-face subsidence and 

reffiai~s fairly eq~al in orientntion thereafter. As shown .i.n 
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Figure 1. }_. 5, this direction is generally towards the goc:.f. 

Because of limited laboratory observation and field measure-

ments, information remains relatively scarce about the break 

angle (Sinqh et al, 1976). Pre-determination of this subsi-

dence parameter would be particularly beneficial for coal 

min8s in the vicinity of rivers, reservoirs, or surface 

structures. 

Movements of the overburden initiate from 

the immediate roof bed and progress upward,thus causi~q the 

strata above the opening to break and cave in (Singh et al, 

1976). The zone of failure usually occurs in the shape of a 

dome, with the maximum height ranging from 30 to 50 times 

the height extracted (Peng and Cheng, 1980) . Above this 

broken area the st~·ata remains intact and will sag in a man-

ner similar to that of a continuous beam. The sagging stra-

ta will eventually generate a trough-shaped subsidence pro-

f i l_e. When the depth of the seam being mined is less than 

the height of the caved dome, a sink hole or holes will ap-

pear at the surface, without the formation of a trough. 

This phenomenon, often observed in sha.llow mines, should be 

consjdared during ~ha analysis cf field data; otherwise, the 

value of the maximum subsidence may appear to be distorted. 
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Modes of Four modes of displacement 

possess the potential to cause surface and structural dam-

age: (a) vertical displacement, (b) horizontal displace-

ment, (c) till:, and (d) curvature. Each of these forms of 

£".urfa.ce settlement may be explained from the concept of 

trough-shaped displacements (Dunrud, 1976). Observation of 

the displacement basin w~ll show t~e rate of change of ver-

tic al settlement to approach maximum fro1c1 the limit angle 

inward., and then approach zero in the rn:i.dspan of the trough. 

A subsidence trough generally forms with an outer zone 

of horizontal tensi l~ strain surroundj_ng an inner zo:1e of 

horizontal compressive strain. If the maximuro subsidence of 

the trough is critic:al, then the area surrounding thj_s point 

becomes the third (and lowest) zone, where no horizontal 

strain exists (Panek, 1970). As the subsidence basin 

spreads outward with i:-icreasing extraction, surface struc-

tures above the panel are first subjected to a pulling and 

then t.o a squeezing effect as they pass through the trans-

ition zone. This phenomenon is illustrated in Figure 1.1.6. 

While the structure is subjected to a tensile strain, it is 

also exposed to an increasing tilt due to the slope of the 

grouna surface. 

Upward heaving or flexing is experienced by a structure 

as a result of curvature of the grour,d surface. An opposite 



Oepili 

!Hi 101! 

0-,- 0 

I 
!>O- I·· 1:. 

I 
Hl!J--1-J!l 

I 
150-1·45 

I 

Figure 1.1.6 

~~~---~~~--~--

o ·_,-/· ,, ',o~' ··---···· - •--._ ' / ~ 

. . . /rtf 1,··~·.· -.iw·/~1~~ ,:,~\r·i _.i / · · ·,, 1z1 iZ'·~.1, I ~;,:ri~! 
. A. J! ; 'I' 1HJ/,. , / .. I 'b l I "-fur . ·11' ,;;.· ·. r-71~- r'f j/·.j 

-~u11ri~;p .·; ·. · · · ./ -~ ~\r.~( l~ "\ sr~J: .. I 
,1/ "·.!r ·. ··"". -~ ... /1• .... 1/·.-:::::-· 1·~~.rOr,1/. 1 ~;,"',·Ii .1'1 
'' '- .' );., - / ' }YWJ( 'I 1/}J I 

, // f ·- 1 '' /I /:~:/Ii !tn'ill C. ,f~·'J, I I 

/ /t ( ·. - le"'""""'"~'/"' / ·~- //I f'/; ~i;;/{ 
I ' L ""'''"'' "'""'";....... <i B.J - / I ~··if?~ ;j /• 
[·:::::~=- __ '._ =--:;.·-:::-~-::~=c __ Lr~:f::::--= =-==-=--=-=-= l,1t'li/ ~ ;~? 
~o-~.-::::=:-.--: . . ~~~~.::-:~.=.--;..=::~~ {j -:=-t;.-. -=-~ - ~:-· }t' V;-11 '/l . 
. • \ . ~ ./. .· o \ . •.· , .... -. . :-~ -:-.-.-·-- ,..--:--; . "'. _- '... - . .:- . o · \ t>. '. . 'l!; ,/ 1~. I , 0 .. • Y • #» • · ;' IP b ~ q • • p " 11 • / ' ' 0, 0 • l) , • • • / f} 'I/ /, / .1 I 

l-r~-=:1:: 1.:.-:1=i=L1- :..;i:::::i·~=i~]..:....:..f-:=.· -~Q- s=r:r:c:;:r:::r:r~={1'1.1~1,/ 1 , f;_.· 
: . ..=-.-::--- ::=:::: .. -:::.._::-_ 1 -=:t_:c:r .. ::r::~J.:::::L- I •. ..::= .. :-----·.:_=- -::--=I I (I; fA Jf0 --------- --- -- - --- --- :::::::. -· --- ---- --1111: If it,q-
1-~~~~=-=--~~~~:~ I : -= =-~=.~!.l~ ~- I = -_-~~--~~ _·--~~~ 'f 1!)$~J 
! --==--=- :_-=__ ~--~- I ~ _~,,~ I =- --- -- -- . : ___ ~,:~~r 
,----·r-·---i----- r-- -- ,-T--r-_ -r-·-[---1- ;Jlo/ 
L_::J_= _.:.·1..:._ =-r.- i :"J-=LT=' J_-:::: :::I.:: =r ) ·J::-...'.'.::-.::-c.:::::..1=--i=- -=r iA"4~ 
--~=--]=.::·c; --=! I lr-:1!;--=-:-!:.- J-~ I =1=-t;=-..=---L=- ·#X 

.,,;,,,,,.;;,1 ,~~~;!.{~.:~::§.. .. ,-~~"ii!ii;iTI'lil11;iFW."111i"1r:r.~;;;,;, f' 
~i-±lf:z~~ui~ . ..:~"~-=lf~~;;,,q.i:,2w1i;u:~;,,i:i!l!J~,1!1y=!yib: 

Block dlagram of a typical subsidence sag event (DuHontelle et al, 1981) 

A. Wooden frame house :l.n tension zone. Foundation has pulled apart anrl 
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Il. Road Jn compresslou zone. Asphalt has buc:kled 
c. Bri.ck house in tens1on zone. Walls, ceilings, and floors have cracked. 
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type of effe~t occurs when the st1ucture is subjected to 

compressive strain. If a nuildinq settles uniformly, i.e. 

the vertical displacements vary uniformly along the subsi-

dence trough, little damage will result. However, vertical 

settlements have been found to alter the grades of highways 

or railroad heds, to affect the flow of creeks a~d pipeline 

fluids, or to cause other complications (Panek, 1970). 

Horizontnl strains ca·cJse the failure or cracking of 

buildings that is often observed on the surface (Sinclair, 

1963). The extent of the resulting damage is dependent upon 

a variety of design and environmental factors. 

Curvature has a similar effect on surface structures, 

as do horiz~ntal str~ins. The height of a building deter-

mines the extent of the resulting da~age, with taller struc-

tures subject to more d2mage. 

The instc.bili ty of tall structure3 can generally be 

traced to the tilt of the ground surface. This type of de-

formation may cause heavy Pquipment to operate improperly or 

may interfere with the flow or drainage of materials from 

surfa~e structures. 
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1.2 F~~tors Influencing ?ub~i~enc~ 

Theoretically, a finite amount of subsidence may 

occur for a particular area of extraction. The maximum pos-

sible amount of surface settlement for an opening depends on 

several complexly associated elements that are often diffi-

cult to interpret. Although it is not easy to classify all 

of these parameters, most of them can be broadly categorized 

under one of the following headings: 

-width and depth of the panel 

-thickness of the extraction 

-inclination of the seem 

-method of extraction 

-method and type of support utilized 

-rate of advance or extraction 

-influence of adjacent ~orkings 

-water-bearing strata 

-topography 

-geology (includes lithology, stratigraphy, 

etc.) 
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Shadbolt and Mabe (1968) classified these factors 

into three broad categorie3: (a) mining factors, (b) site 

factors, and (c) time fact.ors. 'Vlhenever structural clc.mage 

is involved. a four th category, termed structural £3ctors, 

should be incorporated int~ the subsidence analysis. Each 

of the parameters comprising these categories are described 

in the following sections. Before a thorough subsidence an-

laysis is performed, it is necessary to understand the ex-

tent and influence of each of these elements on the surface 

displacements. 

1.2.l Mining Factors 

Mining factors were the first subsidence parameters to 

be investigated because subsidence was initially considered 

to be only a function of the geometry of the excavation. 

B -:i ti sh engine(~rs deve lcped a p:v-edi cti ve method for dis-

pl ;i.cement b;_:sed on the input of geor.ietric2.l paramete1.-s of 

the pc.nel, such as width, heiqht, and depth of the opening. 

Three terms are con1monly 

used to relate the width cf an excavation to the 

ar:1ount of subsidence at t!1e surf ace: critical, 
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sub-critical and super-critical widths. The maxi-

mum subsidence possible for an opening will not be 

achieved unless it is of critical dimensions. A 

critical profile is defined to possess maximum 

subsidence at one point--generally the central 

point. A subcri ti cal profile e;:i sts when the pan-

el width 1s not sufficient to produce full subsi-

dence, and a supercritical pro:fi le is one which 

exhibits maximum subsidence along an area of the 

settlement trough. 

A relationship exists between the depth of 

the excavation and the resulting surface displac-

ment. A panel which is supercritical at a shallow 

depth may become critical at a greater depth, and 

could possibly reduce to subcritical if the depth 

is increased further {Peng and Cheng, 1980). The 

maximum possible subsidence for an opening will be 

attained only when the width-to-dep~h ratio of the 

panel is equal to or greater than twice the tan-

gent of the limit angle. It is therefore neces-

s2ry to correct panel dimensions co critical be-

fore a common basis may be established from which 

sta.tistical analyses of subsidence case studies 

may be possible. The NCB (British National Coal 



19 

Board) has dev·~loped critical correction curves 

for their native mining conditions, which are in-

cluded in the Subsidence ~ngin~er~ Handpoo~ (NCB, 

1975). 

A subsidence curve i~. convex to a certain 

point and then it becomes concave. The location 

of the transition point is known as the point of 

inflection and has a subsidence value equivalent 

to half the maximum subsidence for that particular 

profile (NCB, 1975). The greater the curvature of 

the profile, the more pronounced wi 11 be the re-

sulting damage to surface structures (Holland, 

1973). 

Various studies have been conducted to deter-

mine the effect of the panel width-to-depth ratio 

on the inflection p0int of the profile. The 

transition point is generally located over the 

solid coal when the extraction width is subcriti-

cal and over the gob w:hen the panel is either 

critical or supercritical. The British found that 

for width-to-depth ratios of 0. 25 or less, -che 

transition point was lccated over the rib, whereas 

for width-to-depth ratios of 0. 4, the inflection 

coincided with Lhe ribsides. The larger ratios of 
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more than 1.4 possessed inflection p0ints well i~­

side the gob, corresponding to large degrees of 

curvature (NCB, 1975). However, exceptions were 

foT1d with panels of 3mall width-to-depth ratios 

and l~rge angles of draw appearing to be critical, 

and with panels of large width-to-depth ratios and 

small limit angles being subcritical. Figure 1.2.1 

illustrates the relationship between the j_nflec-

tion point and the width-to-depth ratio of a pan-

el. 

- Seam Thickness: While analyzing the works 

of Briggs and Menzel, O~chard (1957) found that a 

direct rela-.:ionship between subsidence and depth 

is extremely variable, and that the amount of sur-

face settlement is influenced by the extraction 

thid~nesf:> and width-to-depth ratio of the panel. 

This relationship defines the full surface settle-

ment for a critical panel to be: 

Sm ax m . a 

wlH:re, 

m = seam thickness 

a = subside~ce factor 
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Table I contains the average subsidence 

factors observed for several continents. This 

chart, compiled by Brauner (1973), illustrates the 

effect of the mine support system on the surf ace 

settlements. The subsidence factors are shown to 

vary between 0. 10 and 0. 90, with close agreement 

demonstrated for all longwa.11 systems (caving). 

Salamon (1964) discovered . . , s1m1"""ar results for his 

study involving longwall mining, shown in Table 

I I. 

The graph illustrated in Figure 1.2. 2 is a 

partial subsidence curve which was used by the NCB 

to obtain values of maximum subsidence for partic-

ular panel dimensions. Once again, the inhibiting 

effect of roof support on subsidence is illustrat-

ed. Approximately 50 percent less displacement 

will occur at the surface when stowing is em-

ployed. This type of support system is particu-

larly effective where shallow workings are in-

valved (VPI, 1981). 

Whetten (1957) and Shulte (1957) have in-

dependently studied the amount of subsidence which 

may occur at the surface for various forms of roof 

support. Pneumatic stowing was found to produce 
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Tabla I 

A CCM?ARISON OF SUBS!DE~CE ?AC~ORS 

(After 3ra~ner 1973) 

Method of Packing 

Sol.id stowing 
Caving 

Pneuaa~ic s~owi~g 

S o 1 i .:: s r: o '" :. n g 
Ca Ying 

Hvdraulic s:Jw~ng 
PnEumacic sco~i~g 
Ca Ying 

~ydrauli~ stowi~g 

Ca•Ji:ig 

C2.ving 
Caving 
Ca·ring 

Subsidence ?actor 

0.25 

0.45 
0.90 

0 I c; .... _, 
a.so 
0.90 

Q.35 
0.45 0.55 
0.85 - 0.90 

0.12 
0. i 0 

0.60 
0.70 
0.9J 

-----·-----~------



A COM?AR!SON O~ 3U5SI:ENC~ ?AC70RS 
(Afce~ 3alamc~ ~9~~) 

~e::~od o: '../asca 
Con:::-ol 

I 

I ?ol3.nd 

_J 
Hungary : 

- 0. 2 '.J Q.25 - 0.5 

I 
I 

0.45 - 0.55 0. 2 5 

0.50 - 0.60 0. '· Q 

0.53 o.zs 0. 5 s. 
0.35 - 0.95 O.i:J - 0.30 

:.~3LZ rr::: 

::.i.::luar..ce c:;f Suppoi:-:: Sy.s-::e:r on ~a:c:.~u.= Su6si.dence 
(A:c-.e:- Sehl.!:.::, 1957) 

::a.:~C. siad:.i.~g 
Cen::=i.~~gal s~owi~g 
?~eu~ati~ s7cv~~g 

56 .5 
. ' 

- .L ·-

L----

Q. 3 
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Figure 1.2.2 Relationship subsidence. to width/dept:h of 
working (NCB, 1975). 
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55 percent relief of subsidence at the surface 

while hand-packing produced only 40 percent (Whet-

ton, 1957). Shulte averaged the values found for 

maximum subsidence of supported faces and pub-

lished his .findings, as shown in Table III. 

Mining performed in a British virgin 

coalfield will generally induce maximum subsidence 

values of up to 80 percent of the extracted seam 

thickness, while workings of subsequent excava-

·tions may produce a total of 90 percent (VP I, 

1981). This is usually true for mining pane.Ls 

which have advanced at least 1. 4 times the depth 

of the seam, co:--responding to an average limit an-

gle of 35 degrees for the British coalfields. An-

;gles ranging from 25-45 degrees have been suggest-

~ for these coalfields oy other investigators. 

Orcha~d (1954) a~tributes these variations in the 

l:imi t angle to the strength and hardness of the 

individual overburdens. 

- Searn Inclination: The limits of subsidence 

atre a.ffected when mining is performed in an in-

relined seam. The subsidence trough becomes dis-

placed toward the deeper edge of the excavation 



27 

and may beco~e located outside of the dip edge cf 

the opening fPeng, 1978). The limit angle will be 

smallest at the rise edge of the excavation and 

wi 11 increase toward the dip edge. The NCB has 

developed a graph which may be used to make appro-

priate adjustments to the angle of draw for seams 

steeper than 20 degrees (NCB, 1975). Full subsi-

dence will no longer be located at the center of 

the opening, but •,,:ill j_nstead be located at a 

point normal tc the center (Peng, 1978). Workings 

inclined 20 degrees or les3 will cause the profile 

to be displaced 2. distance deterP.'.ined by projec-

tion of normals from the seam to the surface. The 

effect of a slightly inclined seam en subsidence 

is shown in Figure l.2.3a. 

Bals (1932) suggested the formC1tion of a 

double-sided subsidence trough when mining from an 

inclined seam and claimed that a correction graph 

based on this hypothe::;i s is more accura t.e than 

o~her known methods. However, his theory is net 

applic2ble to non-elastic materials, nor is it 

supported by empirical data. The influence of a 

steeply inclined sear,1 on subsidence, as seen by 

Bals, is shown in Figure l.2.3b. 
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Method of Extraction: The method of ex-

traction employed in a mine will influence subsi-

dence because extraction is directly relate·=·~ to 

the volume of material removed underground. As 

stated previously, mining methods which util.ize 

cavi.ng, such as the longw:1l l system, induce more 

subsidence than other methods. The maxi~um possi-

ble subsidenr:::e in room--and-pillar mining is r.)e-

lieved to be proportional to the percentage of ex-

traction employed above a threshold valuE::, which 

has been determined to be 40 percent for the cen-

tral United States 9 coal fields (O'Rourke and 

Turner, 1979) . 

Several mining methods, cited in 1 i tera-

tu~e, have bee~ suggested to aid in the reduction 

of subsidence. For mining u·~!derneath deve lcped 

areas, a panel and pillar method wad successfully 

adopted in the United Kir.gdom. '.2he pi.llars were 

mined by either longwal l OY" room-and-pi 1 lar sys-

terns, with no backfilli~g performed in either 

Ci1.Se. Thi~; mining method \B.s founC. to be success-

ful in the stratified i rc·n deposits of the Lor-

raine area of France (Zwartendyk, 1971). 
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The concept of harmonic mining was developed 

in the Netherlands by Grond (1947, cited in Zwar-

tendyk, 1971, p. 19 2). During this process, more 

than one seam is mined in an orderly fashion. 

This method attempted to cancel the final vertical 

and horizontal strains produced from mining "Dy 

strains produced from extractions in other areas. 

The major limitation was that it could only be em-

ployed with special equipment and under conditions 

not usually considered economically feasible. 

- Rate of Face Advance: The rate of advance 

of a mining face has been found to affect the rate 

at which subsidence develops, but not the amount 

of total subsidence (Wardell and Webster, 1957). 

Hig~ rates of advance can lead to failure by frac-

ture because of the 1:.ime dependent and elastic 

failure mechanisms of intact rocks, whereas slower 

rates of advance may permit the occurrence of 

creep (Wardell, 1970) 

1.2.2 Site Fa~tors 
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Geotechnical factors, such as soil properties, rock 

properties, hydrogeology, and geologic discontinuities have 

an important effect on the extent of mining subsidence. The 

influence of the strata characteristics on the magnjtude and 

development of the surface settlement has been an interest-

ing, and somewhat controversial, subject to subsidence engi-

neers. Numerous investigations have been conducted to study 

these ambiguous characteristics (O'Rourke and Turner, 1981). 

In the United States coalfields, the typical stra-

tigraphy of coal-be2ring overburdens includes layers of sha-

le, sandstone, and frequently limestone. It is difficult to 

determine the influence of each bed, because of the signifi-

cant variations of their relative amounts, thicknesses, and 

competence. For example, shale has been noted to account 

for about three-fourths of the coal-bearing strata in Eng-

land (Bell, 1975); on the other hand, approximately 70 per-

cent of -the s-t::-ata over longwall panels near Wollongong, 

!,ustralia are sandstones (Kapp, 1978). Tables IV and V 

present summaries of investigations conducted on the effects 

of the overlying strata on the measured subsidence and angle 

of draw. 

property. 

Stratigraphy is not the only controlling geologic 

The thicknesses of individual beds and their rel-

ative positions in the overburder1, the strengths of the var-

ious rock materials, the bulking factors, and the bedding 
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cross-joint frequencies also 2ffect the amount and form of 

the subsidence at the surface (Abel and Lee, 1980). 

J\bel and Lee (1980) performed statistical studies 

on the effect of various overburdens, overlying both strati-

fied and non-stratified deposits, on surface subsidence. 

However, the authors did not distinguish between the differ-

ent stratigraphies while performing their analyses. The re-

sults of the investigation were used to study the effect of 

the different percentages of shale, sandstone, and limestone 

in the overburden on the resultant surface subsidence. They 

concluded that the subsidence factor will usually increase 

as the amount of shale in the overburden increases, and that 

the presence of either sandstone or limestone will signifi-

cantly reduce surface settlement. The relationship which 

exists between lithology and the angle of draw is difficult 

to determine because the percentages of shale, sandstone, or 

li:r.estone, uhen considered singularly, are not good indica-

tors (Abel and Lee, 1980). The angle of draw may not reach 

its normal limit if a fault is present in either type of ov-

erburden. 

Peng and Cheng (1980) also fcund a correlation between 

the amount of sandstone in the overlying strata and the mag-

ni tude of the .·esul ting s;_.ib:;;;idence factor. They suggested 

that the subsidence factor will decrease as the percentage 
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of sandstone in the overburden increases. The thicker sand-

stone strata are believed to offer mild resistance to caving 

and sag, as shown in Fig~re 1.2.4, limiting the propagation 

of cru•nbling strata in the overburden and also reducing the 

amount of surface settlement (Pe~g and Cheng, 1980). 

Geology also refers to deformational parameters of 

the overlying strata. Crane (1931) found that faults, 

joints, and other planes of weakness have a definite influ-

ence on the angle of draw, the degree of influence depending 

on the dip, direction, and other characteristics. 

It is important to understand the influence of geo-

logic factors on surface displacement, because the subsi-

dence trends observed for coalfields of different countries, 

as well as within the United Sta~es, have largely been at-

tributed to geologic variations (Peng and Cheng, 1980). 

Consequently, the su~sidence factcrs deternined for one mine 

may not be applicable to another, unless the panel dimen-

sions, geology, and other contributing fac~ors nre similar. 

The effect of topography or surface 

slope on subsidence is a recent area of investigation. Sur-

face slope has not been deter~ined to have a significant ef-

fect on ~urface settlement in the coalfields of the eastern 

United States, but it has been suggested to influence subsi-
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dence in the Western mining districts (Dahl and Choi, 1973, 

and Abel and Lee, 1980). 

Peng and Kohli (1980) collected data from mines lo-

cated in the moderate to steep hills of northern Appalachia. 

One case study involved a surface slope which varied from 0 

to 35 percent along the mining panel and included subsidence 

measurements at various points from t~e center. The majori-

ty of the data collected indicated that changes in surface 

topography had little, if any, effect on the resulting sur-

face displacement. 

In another study of the effect of topography on subsi-

dence, measurements were obtained from two coal mines, one 

in southwestern Pennsylvania and the other in northern West 

Virginia. Both mines t,-.rere located in the Pittsburgh coal 

seam. The Pennsylvania mine employed a room-and-pillar ex-

traction method, while the mine located in West Virginia 

utilized a long-tJall ~.::;ystem beneath a valley floor, which 

stretched obliquely te: the panel centerline. The~ subsidence 

contours of the West Virginia longwall mine ;:;re shown in 

Figure 1.2.5. These results were obtained from analysis of 

field data obtained from surveys performed for a period of 

months. Indications were that the subsidence was formed es-

sentially symmetric to mining activity and was primarily af-

fc~cted by mining geo~etry, regardless of the irregular to-
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pography. The su~face slope was determined to not influ~nce 

the formation of subsidence, except for a steep slope, which 

was found to affect the surf ace settlement. However, this 

influence was attributed to the depth of the searc,, not to 

the variation in surface topography. 

Gentry and Abel (lg78) observed the surface displace-

ments above a super-critical longwall panEl in New Mexico, 

with knc~n rapid topographic variation along the panel cen-

terline. The coal seam being mined was approximately 9 feet 

thick with the overburden primarily consisting of sandstone, 

siltstone, and shale layers. The researchers suggested that 

topog-raphy significar .. tly influenced "the magni tudE; and dis-

tribution of t·:ie mining-induced surface displacements (Abel 

and Lee, 1980). The amount and type of vegetation at the 

surface is also t.1ough~: to alter the subsidence, i.e. , the 

desert ground may become disturbed from a slight underground 

movern;~ni..:, whereas an area with dense vegetation would be 

more s~able--even in a steep terrain. 

1.2.3 Time Factors 

'I'he concepts of time-dependent movement and the 

time of influence in mining subsidence need to be considered 

separately. The time-dependent portion of surface settle-
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ment occurs during those periods when the face is no longer 

advancing. Partial extraction of room-and-pillar mining, 

has often caused the failure of pillars leading to subsi-

dence. This phenomenon has been observed as long as 100 

years after actual extraction, and may be more accurately 

attributed to creep rather than to subsidence (Peng and 

Cheng, 1980). 

The rate of subsidence continues to be a broad area of 

interpretation. Young and Stoek (1916) suggested that the 

duration of surface movement increases with an increase in 

seam depth. Numerous studies have attempted to expound upon 

this theory (NCB, 1975). Wardell (1957) has suggested that 

the subsidence of a surface point initiates when the mining 

face enters an influence zone, or critical area and ceases 

once outside of this region. 

The NCB used the assumption of a critical area to de-

pict the development of subsidence for a surface point as 

the coal face passes beneath and beyond it. Figure 1. 2. 6 

illustrates the average development curve obtained for Brit-

ish data. When the face has progressed a distance equal to 

approximately three-quarters of the depth ( 0. 75h) from P, 

the subsidence first becomes measurable. Active subs]dence 

of the su~face point is more than 95 percent complete when 

the face has gone a distance of about 0.70h beyond it. Most 
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of the s0ttlement occurs within this critical distance; 

therefore, very lit~le residual subsidence results, with the 

maximum being about 9 percent of the total. The active sub-

sidence is almost complete c•fter the face has advanced a 

distance approximately equal to the limit ang~.e beyond the 

surf ace point, while the maximum time-dependent subsidence 

typically appears a·: tl1e point of half maximum displacsm2nt 

( NCB, 197 5 ) . Figure l.2.7 illustrates the active and time-

dependent subsidence, ag~in for United Kingdom ffiining condi-

tions. 

As the mining face leaves the irfluence area of a 

surface poi~t, further grounti novements are believed to oc-

cur due to complelt time-dependent stress redistribution pro-

cesses in the overlying rocks (Orchard and Allen, 1974). 

Several studies have shown that the presence of t~ick compe-

tent beds in the overburden will cause delayed subsidence. 

Gradual lower~ng of the overlying rock mass i~ interrelated 

with the occurr::nce o.f weak beds wnile violent, and often 

delayed, failure is associated with the sudden collapse of 

strong roof rocks (?eng a~d Cheng, 1980). Piggot and Eynon 

( 1977) suggested the.t the presence of one competent rock 

layer in thE overburden, with a thickness of at least 1.75 

times the openi~1g width, delays or prevents subsidence fail-

ure. 
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Analysis of the time factor of subsidence can aid 

in the area of mine design. Pre-determination of the maxi-

mum subsidence for an excavation would permit the design of 

support pillars based on the amount of load accepted by the 

caved waste and the amount being tr2nsferred over the solid 

rib. Figure 1.2.8 illustrates this co~cept for an advancing 

longwall face. The practice of unnecessarily employing low 

extraction ratios could be eliminated with a more efficient 

method of pillar design. 

1.2.4 Structural Factors 

Mining- induced damage to a structure is dependent 

on the building's inherent strengths and ·weaknesses (VP I, 

1981). Due to the interaction of a variety of factors, ad-

jacent surface structures may respond differently tc under-

lying extraction. Some considerations which will aid in as-

sessing the reaction of a structure are: (a) its dimensions 

and shape, (b) the kind of rr,ater1als composing the struc-

ture, ( c) how well the !7la ter ~~al s used in construction were 

prepared, (d) the design of the foundation, and (e) the age 

or state of main~enance. 

The severity of structural damage is directly re-

lated to its design and composition; the~efore, general pre-
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dictive solutions are possible (Voight and Parise•~u, Fi/O). 

The NCB has developed a classification scheme for subsidence 

damage based on the length of the stru~ture. Japanese and 

Polish workers have devised limiting values of strains which 

various structural designs may withstand (Goto, 1978, and 

Klemencsics, 1962). Table VI illustrates several limiting 

values of settlement for structural damage. 
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TABLE VI 

(NCB, 1975) 
National Coal Board Classification of Subsidence Damage 

·--------··--------.,....,_-----~------~..-...:q, 
Change of Class of Oescription of Typical D3mage 
Length of Damage 
Structure 

1---~~--------·------w~----..----=---·----·• 

Up to 0.03 m 

0.03 m - 0.06 rn 

O.J6 m - 0. i 2 m 

0.1 2 m - 0. i 3 m 

i. Verv slight 
or 
negligible 

2. Siight 

HJir cracks in plaster Perhap3 isohted 
slight fracture in the bui:ding, not •;i~;1ble 
on outside. 

Several slight fractures snowing inside u1e 
building. Doocs and w1n~cws may stick 
sligntly. Repairs to decoraricn prooably 
necesszuy. 

3. _j.onreciable Siight frac:ure showing on ourside of 
building (or one main frac:ure). Coors ar.o 
windows s:icking; service pipes m2y 
f rac:u re. 

.! Severe Service ,01ces cisrup:ec. C;:.-en frac::.;res 
~ec;uiring rebonaing and al:cw1r:g weat:ier 
ir~to the sauc:u~e. './·:inC:O'-t'v Jfld door 
fr;imes :fa:onea; iiocrs sio~ini; no:rce-
Jolv: wails iean1r.o er tu:cino not1ce3btv. 
S01~1e :oss 0f bea~1ng 1n ;earns. :: com-
oressive damage. o,1er!ilpa1ng of rnof 
j01r·:ts anC ;ifti~g af c;1c~~·"vcr:<. v,1 it;i op2n 
hcrizcn~2! frcc:ures. 

1~v'icre \hJn 0. ~ 8 m ..... 'Jerv ~.e\· .. _:re ....:..s cbov!~. but worse. CJnt1 r.:;au1rin~ ::2r~:2i 
er cc;-nc!ete rebuiic.irig. ;:,._;of and ~lrJor 

:Ce<;r.is :cse be3ring anc cieeci sro:;;1q JC. 
'/Vindows broker~ •N1th ~:1s:ort1on. Se 1:ere 
s:c::Jes on floors. if corr.;:;ressiv<:: dam3gc. 
se•,ere buck::ng ana ou!g:ng c,i :he cco! 
and ·~vtllis. 
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Establis.1ing correlations between displacement phe-

nomena whjch occur underground and .. , ~-

ct L. tl1e surface, as well 

as interp~eting the ambiguous elements which affect surface 

settlement. are two of the major difficulties encountered in 

a subsidence investigation. Before subsidence can be accu-

rately predicted. a knowledge of the m2chani sm of ground 

movement, as it progresses from the excavation through the 

superincumbent s~rata to the surface, is necessary. 

The first subsidence theories were developed primarily 

on experience, intuition, or on field observations of sur-

face cracks, rather than on the mechanics of deformable bod-

ies (Voight and Pa;:-iseau, 1970). Grand (1952) has broadly 

classified these earlier ideas into three categories: 

1. 3eam or Plate Theories 

2. Arch or Dome Theories 

3. Plastic and Pseudo-plastic Analyses 
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1.3.l Beam or Plate Theories 

The early theories of subsidenc~, as summarized by 

Adler and Sun ( 1976), assume the fractures to be vertical 

extensions to the s~rface from the ribsides of the opening 

as shown in Figure 1. 3. la. Although subs~dence was recog-

nized in Britain as early as th:= 15th century (Shadbolt, 

1978), Belgian engineers first attempted to analyze the 

problem during 

fractures to be 

the 1800s. Gonot (li358, 

normal extensions from 

1871) defined the 

the sear,1 gradient. 

Eowever, his h:y-pothesis did not account: for either steE.:ply 

inclined seams er the angle of draw. Shultz (1867) and 

Sparre (1867) later suggested the breakage plane to be 

formed entirely by gravitational effects, with the limits of 

subsidence varying between the vertical and normal, depend-

ing on the overlying indicator of the mode of failure (Good-

man, 1980). The latter two hypotheses c.re illustrated in 

Figures 1.3.l~ and 1.3.lc. 

The so-culled beam theories of subsidence were suggest-

ed from studies performed by Halbaum (1905), Thiriart 

( 1912), and Eckarclt. ( 1914) (quoted from Grond, 1953). The 

overburden was considered to behave as a beam (either simple 

or cor.-ipos:!. te) which would e\,entuall.y '°.Jend as a cantilev0r 

over the gob and ul ti ma tely fG:,i 1, thereaft:er progressing 

through the overlying strata leaving crumbling beds in its 
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pa th ( VP I , 1981 ) . Afterwards, some degree o~ reconsolida-

tion was believed to occur behind the face. 

1.3.2 Arch or Dome Theories 

The dome theory, illustrated in Figure l.3.2a, was pro-

posed by Rhiza (1882) to improve the earlier hypotheses. He 

assumed that displacements formed beyond the excavated area, 

with failure occu.ring in a parabolic :3hape after gravi ta-

tional forces overcame cohesive forces in the immediate 

roof. A relaxed zone, surrounded by an area of increasing 

stress effects, was believed to occur next. causing the ma-

terial under the arch to crumble and settle to a particular 

limit angle (VPI, 1981). Fayol (1885) later modified this 

theory by concluding that a semi-ellipsoidal dome was formed 

by the caving of horizontal beds (Adler and Sur:., 1976) . 

This concept is illustrated in Figure l.3.2b. 

1.3.3 Plastic and Pseudo-plastic Theories 

A plastic or pseudo-plastic flo-.,,r of strata into 

the gob, re st.! l ting £ rom moveraen ts of t).,,~ surrounding mass 

upwards, was another early hypothesis. ~rompeter inv8sti-

gated this flow of strata and was probably the first engi-

neer to dei:~cribe the associ ~ti ve phenomenon of horizontal 
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displacements (quoted fron Grond, 1953). Consequently, the 

term "Trompeter Zone 11 is commonly found in subsidence liter-

ature and is often used to define the limit of the zone of 

convergence. 

1. 4 Conte~o!ary Subsidence Theori_es 

Early subsidence studief; were primarily concerned 

with defining basic principles and attempting to understand 

the mechanisms invo 1 ved. Contemporc:.ry investigations, on 

the other hand, have been directed toward the development of 

a reliable subsidence prediction model. It is difficult to 

formulate such a model because of the large number of vari-

ables involved and the complex manner in which the strata 

overlying the excavation behave (Singh, 1978). Furthermore, 

subsidence may form in discontinuous steps, making the phe-

nomenon even more diffi~ult to control. Consequently, most 

prediction models refer to a relatively homogeneous mineral 

vein of nearly uniform thickness, a horizontal and flat sur-

face topography, and a trough-shaped se~tlement. 

Voight and Pariseau (1970) have divided the various ap-

proaches used to predict subside~ce into two broad catego-

ries, the empirical and the phenome~ological. Singh (1978) 

suggested that, for most et.g:inecci~1g applications and for 



flat seams, the empirical approach may provide sufficiently 

reliable predictions when applied to the sa:ne 

phenomenological procedures, on the other hand, 

region. The 

had varying 

degrees of success. A detailed cl~ssification of these sub-

sidence models is given in Table VII. 

1.4.1 Phenomenological Approach 

The phenomenological approach was described by Voj_ght 

and Pariseau (1970), as a p2.-ocess in which 11 the ground sur-

roundj_ng the excavation is replaced mathematically by an 

idealized material that deforms in accordance with the prin-

ciples of continuum mechanics. 11 Studies which utilize this 

approach are not as numerous as the empirical methods, and 

they often involve detailed mathematical derivatio:::is \lhich 

lack exact descriptions of the idealized displacements 

(Singh, 1978). 

Continuous theories assume the ground to behave as 

a continuous medium on the basis of traditional ma~hematical 

models of solids, i.e. the el as tic, plastic, vi scce lastic, 

and elastoplastic idealizations (VPI, 1981). Research is 

also currently being conducted on an elastic-plastic analy-

sis of subsidence. The primary advantage of methods employ-

~ng the principles of continuum mechanics is thei~ wide ap-

plicability. 
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Hackett (1959, 196<'1) 

first investigated the assumption of an elastic 

medium by considering the vertical direct stress 

around an excavation to be linearly increasing 

with depth, and the vertical and horizontal direct 

stresses being equal (Goodman, 1980). The surf ace 

displacements calculated by Hackett provided a 

good correlation with field-measured displace-

men ts. 

Other analyses have included idealizations of 

two-dimensional homogeneous, i~>otropic, tr an-

sversely isotropic, and and three-dimensional me-

dia (Berry and Sales, 1961, 1962, 1963). Each of 

these treatments was performed for three cases 0 .. ,_ 

the floor and roof closure, including nonclosure, 

where the two neve~ meet; partial closure; and 

complete closure, where ~he roof and floor remain 

in contact ove-c: the ~· en .... 1r2 ·,.ridth of e)<:c av· a ti c:n. 

Approxim,.te solutions were found for assumptions 

of nonclosure and partial closure in a semi-infi-

ni te medium, and &L exact solution was poss~Lble 

for complete closure (Voight and Pariseau, 1970). 

Subsidence determined by the isotropic medium 

idealization deviated considerably from the actual 
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field data; however, reasonable agr~ement was 

achieved for complete closure and field measure-

ments (VPI, 1981). 

Salamon (1964) and Jones and Bellamy 

(1973) also performed subsidenc~ studies with 

elastic solutions, but their basic models were re-

stricted for use in mines unusually deep for the 

United States. The idealization of an isotropic 

medium produced ground condi i:ions similar to the 

deep hard rock mines of South Africa. 

By utilizing the Foi_;_rier series, Voight and 

Samuelson ( 1969) developed a solution, based on 

plane strain, for homogeneous lin,,,ar-elastic ma-· 

terials. Once again, an accurate correlation was 

not achieved between the model and field data. 

(ii) Viscoelastic Solutions: Viscoelastic 

idealizations assume that final deformations which 

occur from subsidence, after any creep has ceased, 

may be estimat(~d by u::;ing delayed elastic con--

stants. Berry and Marshall (1969) and Imam (1965) 

attempted tc, include time as a variable in their 

description of mine subsidence by using the Cauchy 

integral theorem. Theorsti cal predictions based 
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on four parameter model representations were found 

to agree closely with subsidence observations in 

the British coalfields. 

(iii) Plastic and E_:_lastic-R._lastl.~. _So 1 u ti?.~§.: 

Two-dimensional plane strain laboratory models of 

isotropic subsiding ground were studied by assum-

ing plastic deformations of the failure zone 

(Dahl, 1967; Pariseau and Dahl, 1968). From simi-

lar analyses, the overburden height-to-seam thick-

ness ratio was determined to have a pronounced ef-

fect on the development of subsidence (VPI, 1981). 

Voight and Pariseau (1970) have suggested that the 

plastic zone about the working face, although 

small in volume, may have a significant influence 

on the final subsidence profile. 

The phenomenological approach is versatile and at times 

it can provide information from which to categorize empiri-

cal studies. Efforts have been made--and will continue--to 

use computer routines related to existing theories, ~nd to 

apply the finite elemen.t method as a predictive tool. Fi-

nite element solutions of elastic models presently indicate 
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the effects of inclined layers and topographic variations on 

subsidence (Voight and Pariseau, J. 970) . However, the com-

plex mathematical procedures, the lack of empirical justifi-

cation, and the oversimplified assumptions required have, in 

general, seriously limited tta application of these methods. 

1.4.2 Empirical Approach 

Empirical methods are characterized by relatively 

simple mathematical formulae which are often accompanied by 

descriptions of the displacement mechanism involved (Voight 

and Pariseau, 1970). The main advantages of this approach 

are its simplicity and rel&tive ease of application. 

Several investigators 

have attempted to define the fundamental relation-

ships of subsidence by investigating the mechanism 

of failure as it progresses from the gob to the 

surface (Goodman, 1980). A variety cf modeling 

materials have been employed for this purpose, in-

eluding: solidified gela'cin (King and Whetten, 

1957), partially elastic material (Hof~man, 1964), 

sand (Pa:ciseau and Dahl, 1968), strati.fied sand 

(Litwiniszyn, 19G4; Bodziony, 1960), granulated 
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metal (Shalaghincv, 1963), and granulated glass 

(Martos, 1966). Other tests have included a pho-

toelastic model constructed by Rankilor (1971) and 

a laser holographic interferometry model employed 

by Park et al ( 1977). Mechanical modeling poss-

esses the advantage of accounting for both local 

geology and the geometry of the excavation, defin-

ing the most important parameters of rock which 

affect subsidence (Goodman, 1980). These methods 

have limited practical applications, however, be-

cause of the problem of realistic representation 

between model and prototype, thus making quantita-

tive results difficult to obtain (Gray et al, 

1976). 

sidence profile function has been described by 

Brauner (1978) to be: 

... an equation of one-ha~f the sub-
sidence profile, ranging from full sub-
sidence to zero subsidence. The subei-
dence is expressed in ~erms of full 
subside~ce and the location of the pro-
file points in terms of extraction depth 
or a proportional quantity. In. case of 
supercritical extraction, the central 
region of the trcugh h3.s the constant 
subsidence Smax. In case of subcritical 
extraction, the particular subcritical 
profile is determined from the critical 



61-

profile by using cer·tain empirical 
and/or mathematical relations. The 
method is normally restricted to rectan-
gular extraction areas in which the pro-
file coincides with the centerline. 

A variety of profile functions have been de-

veloped for ~he different coal fields of the 

world, including mines in Upper Silesia, Hungary, 

and the Soviet Union (Donets coal fields) (Braun-

er, 1973). Hyperbolic functions, based on both 

model and theoretical investigationn, have also 

been suggested to describe subsidence (Brauner, 

1973) . 

The profile functions most commonly used 

are the error integral form, employed with good 

success in Poland, and the trigonometric form 

well-utilized in the Russian coal fieJ_ds (Munson 

and Eichfeld, 1980). Profile functions are com-

monly expressed as a function of the following pa-

rameters: 

S(x) = f (B,s,Smax,d). 

From Figure 1.4.l, B is shown to be one-half the 

critical radius, Sn.ax is the full subside:nce and d 

is the l·3ngth between the point of half-maximum 

subsidence and the ribside. The subsidence is 
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generally expressed in terms of maximum settlement 

and the location of the profile points in terms of 

tr,e extraction depth. The function S ( x) may be 

derived from analyses of field or model investiga-

tions. 

In utilizing influence functions, it is as-

sumed that an excavated opening can be divided 

into a finite number of small openings. Each one 

of the elemental openings is assumed to produce a 

subsidence basin, with the total sum equalling 

full subsidence of the trough (Peng, 1978). An 

element directly underneath a surface point has a 

greater influence on subsidence than does one on 

the edge. This analysis places no geometric limi-

tations on the opening shape. The influence p, on 

a point P, is defined tc be a function of the hor-

izontal distance, r, between P and an element dA, 

or: 

p f (r). 

The completa area under the curve, as illustrated 

in Figure 1.4.2, represents the value of Smax. 

The influe>1ce function methods have been de-

veloped primnri ly for the Central European coal 
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fields, with the original work being accredited to 

German and Dutch engineers. These equations have 

been developed from experiE::nce in certain areas 

and/or from mathematical considerations. Brauner 

( 1973) has described six of the:..~e functions and 

mentioned that others have been cited in li tera-

ture. 

The zone area method was originally designed 

to predict subsidence over non-regular longwall or 

room-and-pillar panels in the British coal fields, 

where the Subsidence Engineers Handbook was found 

to be inadequate. To apply the zone area system 

of analysis, the influence area is divided into a 

series of annular rings. Seven concentric circles 

were found to be the optimum number of zones to 

establish around the surface point of investiga-

tion, because five zo~es provided a lower accuracy 

and more than seven increased the necessary compu-

tations (Goodman, 1980). The a~ea of influence 

fo~ a surface point, p 
I is defined as a circular 

zone with radius 0. 7 times tht~ depth of the seam, 

as illustrated in Figure 1.4.3. This radius WB s 

established for British conditions with a~ average 

angle of draw of 35 degrees. To determine the 
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subsidence (as a percent of extracticn) for the 

point P, the relative extracted area of each ring 

is found and multiplied by its re spec ti ve ring 

factor. This procedure is co:i.tinued for each ring 

and the resulting values are summed to provide the 

full subsidence. 

By utilizing this system o:Z analysis, Marr 

(1975) was able to predict subsidence for uniform 

and non-uniform extraction in the British coal 

fields. He also devised a reduction system by em-

ploying five zones to account for the effect of 

coal pillars on the final subsidence. 
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Chapter II 

DEVELOPING A SUBSIDENCE PREDICTION PLAN FOR U.S. 
MINING CONDITIONS 

2.1 Selection of Prediction Method 

All methods of subsidence prediction present certain 

advantages and disadvantages. Models employing the phenome-

nological approach have often proven to be difficult to ap-

ply in practice and require many assumptions and input pa-

rameters before ':.hey can be employed with any degree of 

accuracy. Empirical methods are generally more indicative 

of actual field data, but only for specific areas. The me-

chanical similitude reqL:i.red ::or stochastic models is the 

major drawback of ':.his approach. Profile functions are ex-

pected to produce fairly accurate results for geometrically 

simple problems, but extension to more complex situations 

does not usually provide accu:.cate results. Brauner ( 1973) 

has sugges~ed that profile £u~ctions are capable of handling 

only three-dimensional prol;lems to a 1 imi ted extent, with 

further mathematical anulysis o::ten required. Influence 

functions have pro·.;ided a bas:..s for the zone area system, 

which is a subsidence prediction me~hod adaptable to comput-

er prcgra:-:;ming. However, this system was originally devel-

oped from inforrr.atio!l. pertaining to the i":idlands and York-

shire Coal Fields of the United Kingdom (Marr, 1975). 
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Other disadvantages encountered with the use of 

profile functions are: (a) it is not necessary to extrapo-

late from previous subsidence data in any given area of ap-

plication, i.e., the previous data must describe quanti ta-

ti vely the relationships between mine geometry and surface 

effects; (b) secondary subsidence is not predicted, which is 

otherwise known as the time dependent portion of the settle-

ment; and (c) it is not possible to assess potential subsi-

dence effects on aquifers (U.S. Dept of Energy, 1979). 

The Subsidence Enaineers' --- _ _.. ________ _ compiled by the 

British National Coal Board, was developed on the principles 

of influence functions. Over 157 case studies of various 

dimensions were collected from the British coal fields to 

analyze subsidence. The handbook presents the results of 

these analyses in a series of graphs which are used to pre-

diet a subsidence profile by input of geometrical parameters 

of the par.el. Because of the relative ease of its applica-

ti on, the handbook is widely used in the United States to 

predict the magnitude and extent of subsidence damage. How-

ever, such graphical procedures have resulted in overpredic-

tions of both the maximum subsidence and its limits (Gentry 

and Abel, 1978; Goodman, 1980). This error is best attrib-

uted to the inherent differences of regional geology, mining 

methods, and stratigraphy between the United Kingdom and the 

domestic coalfields. 
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Compared to Britain, very little subsidence information 

has been collected in the U.S. Subsidence research was ini-

tiated in this country in the early 1900s (Young and Stoek, 

1916; Herbert and Rutledge, 1927). Such studies, however, 

were not systematic, and until the sixties very little at-

tention was given to this problem. Then, investigations of 

subsidence resumed in an attempt to collect data for vali-

dating methods (Imam, 1965; Dahl, et al, 1971, 1973, 1974). 

In addition, several coal companies were then in the process 

of monitoring surface displacements. 

mostly unpublished. 

The latter studies are 

It was not until the late seventies that concentrated 

attempts were made to correlate existing studies with empir-

ical data collected from mines in the same general area. 

The United States Bureau of Mines and Department of Energy 

were the main sponsors of a subsidence collection and moni-

toring process from private industry (US3M, 1976, 1977, 

1979; Howell et al, 1976; Gentry, 1977; Agarwal and l."1ayer, 

1979) . Case studies were gathered from longwall panels in 

Illinois (Conroy, 1979), West Virgi:?:'lia (Kohli et al, 1980), 

Ohio (Peng et al, 1980), and New !'1exico (Gentry et al, 

1978). These studies attempted to correlate subsidence 

characteristics with data from other panels, but the results 

have not yet been fully evaluated (Goodman, 1980). 
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During this research, an effort was undertaken to 

accumulate published as well as unpublished information on 

subsidence in this country and to esta:Oli sh a subsidence 

data bank. Furthermore, it was decided that the development 

of an empirical prediction approach. similar to the British 

but based on the i::-iformation from own domestic conditions, 

could prove invaluable to coal operators. 
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2.2 Regional Characteristics of Subsidence 

Longwall mining currently accounts for approximate-

ly 7 per cent of United States coal production and continues 

to increase steadily. The main areas of longwall concentra-

tion are shown in Figure 2.2.1. This is a regionalization 

scheme which has been suggested by 0' Rourke and Turner 

(1979) on the basis of the major physiographic and structur-

al characteristics of the longwall mining areas. The three 

geographic regions are divided as follows: 

i} Allegheny Plateau: includes parts of Pennsylvania, 

Ohio, West Virginia, Virginia, Maryland, and Ken-

tucky 

ii) Illinois Basin: includes most of Illinois and 

parts of Indiana and Kentucky 

iii) Colorado Plateau and High Plains: includes parts 

of Colorado, Utah, New Mexico, and Wyoming 

A major part of native longwall activity is currently under-

taken in the Allegheny Plateau, and consequently, a great 

deal of attention was focused in that region. 

Figure 2.2.2 shows the location of coal mines in Great 

Britain, from which information was gathered to develop the 

Subsidence Engineers' Handbook. The narrow geographical 

boundary of these mines, similar in area to the coal mining 

region of the Allegheny Plateau, is referred to as the York-
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shire and Midlands Coalfields. The major coalbearing rocks 

are referred to as the Coal Measures. Approximately 98 per-

cent of the British field data was collected from the mines 

of this area, which possess similar geology, topography, and 

extent of previous workings. 

O'Rourke and Turner (1979) have compared the regional 

geologic trends and lithologic characteristics of longwall 

mining panels in the United Kingdom and the United States 

with respect to four principal characteristics: a) the li-

thologic proportions in typical stratigraphic sequences of 

each region b) the regional structure, c) in-situ stresses, 

and d) topography. These properties have been found to dif-

fer significantly between the two countries. 

2.2.1 Lithologic Proportions 

The Coal Measures of the United Kingdom are gener-

ally composed of at least 75 per cent argillaceous or "soft 

rocks," i.e., shales, mudstones, siltstones, and underclays 

(Bell, 1975). The underclays, which vary in thickness from 

approximately 2 to 6 feet, are commonly found beneath the 

coal seams. The presence of typical "hard rocks", such as 

limestone or sandstone beds is not common: however, the im-

mediate roofs in the area are occasionally composed of thick 
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sandstone layers. The sandstones beds are generally incon-

sistent in shape and thickness. 

The Illinois Basin possesses stratigraphy compara-

ble to that found in the United Kingdom. Shales commonly 

comprise as much as 70 percent of the overburden in this 

area, with thicknesses of around 30 feet being common. The 

underclays are generally 2 to 5 feet thick. Sandstone beds 

are scarce and usually occur as channel deposits, while 

limestone layers may make up as much as 10 percent of the 

coal-bearing strata. 

The geology of the Allegheny Plateau is difficult to 

generalize, being relatively complex in nature (O'Rourke and 

Turner, 1979). The Pittsburgh seam, which is the most ex-

tensively mined coalbed of this region, is often used as a 

basis for comparison. Many lithologic variations exist in 

the coal-bearing strata of the Allegheny Plateau; however, 

the lower part of the overburden typically contains a calca-

reous type of rock, with the upper part containing a higher 

percentage of sandstone and limestone. It is common for as 

much as 50 or 60 percent of the strata above a mine to be 

composed of these hard beds. Referring to the geology of 

the Appalachian Region, O'Rourke and Turner (1979) suggested 

that: 

... the typically high percentage of 
thick, competent sandstones and limestones and the 
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presence of high in-situ horizontal stresses are 
most likely to result in caving and ground move-
ment propagation that will differ significantly 
from the well-established patterns developed on 
the basis of British experience. 

Mining is performed in strata of Cretaceous age in the 

Colorado Plateau and High Plains Region, while the other two 

major mining regions possess strata of Pennsylvanian age. 

The York Canyon Mine provided data for a much-publicized 

case study of the Western region. The stratigraphy of this 

test panel is complex, consisting of many thin layers of 

sandstone, siltstone, and shale (Gentry and Abel, 1978). 

Sandstone channel deposits are occasionally found in the ov-

erburden, and rapid variations in the lithology are quite 

common. Sandstone is the strongest rock present in the se-

quence, often comprising about 30 per cent of the strata. A 

thin shale layer is usually found below the coal seam, with 

an average thickness of 1 foot. 

2.2.2 Regional Structure 

The Coal Measures demonstrate the influence of 

mountain building activity due to the presence of much fold-

ing and faulting. The strata o~ this region generally dip 

slightly to the east, with the presence of several small an-

ticlines being common. The Measures were at one time in-
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tensely eroded and subjected to at least two periods of gla-

ciation (O'Rourke and Turner, 1981). 

The Illinois Basin has several anticlinal belts in-

side a large area of trough-shaped sedimentary strata. The 

similarities between the Illinois and British Coal Measures 

are numerous. Both have developed primarily from mountain 

building activity during the same era, with the folds and 

faults present being roughly equal in intensity. Both re-

gions have also endured spans of intense erosion and glacia-

tion. 

The Pittsburgh seam of the Allegheny Plateau is 

part of the Monongahela Group and occurs in a sedimentary 

basin. Most of the strata in this area have been subjected 

to folding, and as a result, there is a series of anticlines 

and synclines in the area. The seam generally grows larger 

near the synclinal troughs and thins at the anticlinal apic-

es (O'Rourke and Turner, 1979). 

Faulting and folding near the York Canyon Mine test 

panel exhibited normal amounts of displacement and have not 

adversely affected the immediate roof. 

orientations were discovered. 

2.2.3 In-Situ Stresses 

Two primary fault 
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Recording of in-situ rock stresses has not been a 

standard procedure in the United Kingdom (Brown and Hoek, 

1978). Pasamehmetoglu (1973) suggested 0.25 to be the ratio 

of horizontal to vertical stress of the eastern Coal Meas-

ures; however, this value is not fully compatible with the 

geologic history of the region (O'Rourke and Turner, 1979). 

Few in-situ stress measurements are available from 

either the Illinois Basin or the Colorado Plateau and High 

Plains regions. Erosion of coal-producing rocks during the 

early Mesozoic era is believed to have resulted in relative-

ly high horizontal stresses for the Illinois Basin (Damber-

ger, 1977; Willman, 1975). Mining depths of 500 to 700 feet 

in this region have been estimated to possess in-situ hori-

zontal to vertical stress ratios of approximately 1. 5 (Ga-

now, 1975). 

In-situ stresses have been well documented for the 

Allegheny Plateau. Horizontal stresses as high as 3,240 psi 

have repo~tedly caused rock failures of the im~ediate roof, 

as well as floor heave problems, for many of the mines i.n 

this regio~ (Aggson, 1979; Dahl and Parsons, 1971). 

2.2.4 Topography 



With the possible exception of the Illinois Basin, 

the surface slope of coal mines in the United States is more 

rugged than that encountered in the British coal fields. 

The topography of the Midlands and Yorkshire Coalfields gen-

erally varies from gently rolling to rolling, while surface 

slopes of the Illinois Basin range from flat-lying to roll-

ing (O'Rourke and Turner, 1979). Soil deposits anywhere be-

tween 10 to 50 feet in depth may be found above the Coal 

Measures, while the drift in the coal mining areas of Illi-

nois is usually more than 50 feet. The surface slope of the 

Allegheny Plateau varies from extremely mountainous to undu-

lating, with the relief above a longwall panel commonly var-

ying by as much as 200 feet ( 0' Rourke and Turner, 1979). 

The York Canyon Mine has a rapid topographic variation 

along the panel's centerline. The slope in this area is 

very steep, and the terrain is rough and mountainous (Gentry 

and Abel, 1978). 

2.3 Proced'...lres 

A combined approach, utilizing both empirical and 

analytical methods of subsidence investigation, was adopted 

for this research effort. The collected case studies, al-

though not as numerous as those used by the NCB, were never-
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theless sufficient to allow the development of significant 

trends. 

The initial stage of the program involved the col-

lection of subsidence data from literature as well as from 

unpublished sources. 

and federal agencies 

To implement this, many coal companies 

were contacted. Their response was 

very encouraging. Because of the importance of the Appa-

lachian coalfield and its proximity to Virginia Tech, much 

effort was concentrated in that area. The data bank estab-

lished for Appalachia is cornpri sed of 34 subsidence case 

studies and is perhaps the most comprehensive in the coun-

try. 

The subsidence information was processed and analyzed 

to evaluate the influence of the various parameters. The 

analyses include: (a) studying profiles of vertical dis-

placement at various locations along the panel, (b) studying 

the time-dependent portion and development of subsidence 

along the length of a panel, and (c) determining the nature 

of geologic influence on the surface settlement. It was thus 

possible to establish regional subsidence trends which could 

be subsequently utilized to develop a subsidence prediction 

model for the Appalachian coalfield. 



Chapter III 

DEVELOPMENT OF A SUBSIDENCE DATA BANK 

3.1 Collection of Data 

Three primary sources were considered during the devel-

opment of the subsidence data bank for the United States: 

(a) literature, (b) private industry, and (c) government 

agencies. An extensive literature survey was performed to 

gather all relevant publications, which resulted in the col-

lection of eleven subsidence monitoring investigations (Ade-

mak and Jeran, 1980; Choi and McCain, 1979; Schonfeldt et 

al, 1980; Greenwald et al, 1937; Maize and Greenwald, 1939; 

Maize et al, 1940; Maize et al, 1941; and, Montz and Norris, 

1930) . 

The form letter, shown in Appendix A, was distributed 

to numerous mining companies and government agencies to re-

quest information pertaining to this research effort. The 

response was very successful and at the end of approximately 

10 months, subsidence measurements taken above 34 longwall 

panels had been collected from the Allegheny Plateau coal-

fields, including 23 unpublished and 11 published case stud-

ies. This is one of the most comprehensive subsidence data 

banks currently known for the United States mining condi-

tions. 

82 
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The study of subsidence above room-and-pillar mines 

will be conducted at a later date; therefore, any data per-

taining to this mining method was omitted from the investi-

gation. Two other surveys gathered from industry were also 

eliminated due to poor or incomplete field measurements. 

Approximate geographic locations of the mines providing 

data for this research are shown in Figure 3.1.1. The re-

gions are highlighted by a shaded area, instead of specific 

points, due to the proprietary nature of most of the infor-

mation. Fourteen subsidence studies were gathered from 

southern Pennsylvania, nine from the northern West Virginia 

coalfields, four from eastern Ohio, two each from southern 

West Virginia and northern Alabama, while only one was from 

Virginia. A single case study was found in literature from 

each of the other two major regions, these being the Old Ben 

Mine in Illinois, and the York Canyon Mine in New Mexico 

(Conroy 1979; Gentry and Abel, 1978). As a result, the em-

phasis of this study was on data from the Allegheny Plateau 

Region. 

All of the panels were referenced by a numerical 

system throughout this study, and in the occurrence of more 

than one panel in the same mine, an alpha-numeric system was 

used. For example, an excavation positioned in virgin ter-

ritory was called Case 4, whereas two individual panels lo-
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cated adjacently or in the same mine were termed Case 4a and 

Case 4b. This system explains why the largest number as-

signed to a panel was 23 although there were a total of 34 

panels. 

The subsidence data do not include any cases with more 

than four panels from the same mine. Nineteen of the case 

studies involved the presence of adjacent panels; however, 

in most instances either the subsidence had been monitored 

before mining began on the second panel or one side of the 

e'{cavation was located next to virgin territory. Conse-

quently, the angle of draw and the maximum subsidence could 

be determined from an unbiased profile for the majority of 

the panels. 

The case studies collected from literature did not in-

clude the raw subsidence data, but often did include some or 

all of the following information: (a) geographic locations, 

{b) diagrams of the panels (including dimensions and survey 

monument layouts}, (c) geologic columns, (d) surface con-

tours, and ( e) subsidence, development, and/or travelling 

subsidence profiles. Data gathered from government and in-

dustry did include tables listing the displaced surface val-

ues. Every attempt was made to analyze the raw data consis-

tently; however, there was obviously no control on the 

method used to process data from the published studies. 
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Therefore, appropriate references were included on all ta-

bles and figures to distinguish between data analyzed by 

outside sources and those analyzed in this study. 

During collection of the subsidence information, each 

company was requested to supply diagrams of the panel being 

monitored, showing width, dimensions of the support pillars, 

and positions of the survey monuments. Many of the maps 

were poor in quality due to excessive copying and reducing, 

often making it difficult to determine the direction of face 

advance and other characteristics of the panel. One very 

difficult and time-consuming task was pinpointing the loca-

tion of the mining face during the time of a particular sur-

vey. In most cases, however, it was possible to establish 

the approximate beginning and final dates of extraction. 

The most common method of recording surface displace-

ments is shown in Appendix B. This is a survey sheet which 

contains the titles of the measuring stations in the far 

left-hand column and the dates that the surveys were per-

formed in the top row. The column entitled "Face Distance" 

indicates the position of the face with respect to the monu-

ment line, at the time of the study. A negative subsidence 

value means that there was downward movement of the surface 

point measured, while a positive sign indicates that the 

monument was subjected to some degree of uplift. De scrip-
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tive information is included at the top of the subsidence 

sheet, including the name of the mine, the name or number of 

the longwall panel, and the total number of survey sheets 

used in the study. 

3.2 Measuring Systems 

Panek (1970) has stated that: 

The ultimate 1 goal of measuring subsidence is 
to develop a rational basis for predicting the 
magnitudes and locations of the significant subsi-
dence components that occur as a consequence of 
subsurface mineral extraction... Accurate pre-
diction or evaluation of subsidence components re-
quires measurement of these components for a range 
of values of the parameters that specify the ex-
traction geometry and the geological structure. 

Rules governing the measurement of subsidence are 

relatively simple, with common surveying techniques general-

ly being sufficient to determine the geometric displace-

ments. Steel or wooden rods driven into the ground are gen-

erally adequate for survey monuments, provided no severe 

temperature changes are expected to affec~ the ground during 

the survey period (Peng, 1978) . Under extreme conditions, 

there are methods available to position the monuments more 

securely (Panek, 1970). The frequency and quantity of sur-

veys conducted is dependent upon the volume of material re-

moved and the objectives of the individual study. 
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An initial survey would ideally be conducted in ad-

vance of mining to avoid problems with the interpretaticn of 

data. A final study should continue to monitor the time-de-

pendent portion of subsidence after extraction has been com-

pleted. Panek {1970) has suggested guidelines for the fre-

quency, quantity, and type of subsidence survey to be 

performed for a particular mining situation. Figure 3. 2 .1 

illustrates one method of positioning the monuments above a 

longwall panel to obtain thorough measurements of the sur-

face displacements. The survey stations have been estab-

lished in both transverse and longitudinal directions above 

the panel and extend well beyond the ribsides. This was 

necessary to provide information for determination of the 

area of influence, stationary profiles, and non-stationary 

profiles. The observation points, denoted by the capital 

letters A, B, and C, need to be located in an area that will 

not be influenced by the subsurface extraction. 

The subsidence surveys conducted for each case study 

were performed by company personnel. Whenever possible, in-

terviews were held with these individuals to determine which 

survey procedures were used. Most of the monuments were ei-

ther steel or wooden rods, anchored into the ground and sur-

veyed with acceptable precision. 

urements were taken prior to 

Because all of the meas-

thi s investigation, no 
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guidelines could be placed on the procedure employed to ob-

tain or record the displaced surface values. Therefore, the 

raw data was thoroughly scrutinized to eliminate question-

able data points and possible surveying errors. 

The survey monuments in most case studies were found to 

be positioned in one of four patterns: (1) transverse 

placement, i.e. parallel to the face line, (b} longitudinal 

placement on the panel, i.e. perpendicular to the face line, 

(c} a placement in proximity of surface structures, or {d} 

combinations of the aforementioned. The transverse monument 

layout was the most common type of subsidence survey con-

ducted since this data provides sufficient information to 

plot a static subsidence profile. Assuming that the long-

wall extaction is of critical dimensions, the maximum subsi-

dence and the limit angle of the panel may then be deter-

mined. In addition to a typical transverse pattern, eleven 

of the panels placed their survey monuments in a longitudi-

nal direction above the panel. This type of configuration 

permits subsidence profiles along the face advance and 

graphs of the subsidence development to be plotted. 

The remaining studies monitored subsidence near, or on, 

surface structures, railroads, or streams located above the 

longwall panels. Only three of the case studies obtained 
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measurements both transversely and longitudinally over the 

panel and also around a surface feature. Figure 3.2.2 dem-

onstrates this most complex type of monument layout. 
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3.3 Geologic Information 

The influence of geologic parameters on subsidence is 

an important concept in the analysis of subsidence data for 

the domestic coalfields. Therefore, emphasis was placed on 

the collection of topographic information and drill cores 

representative of each of the panels. Because mining compa-

nies require many drill cores and maps of the mine site dur-

ing their exploration process, the geologic information made 

available was generally more 'chan adequate. The drill logs 

were analyzed to determine the seam depth and thicknesses of 

the individual strata. Figure 3. 3 .1 illustrates a typical 

drill log from which the calculations were made. 

Three factors greatly influence the subsidence charac-

teristics of a given area: 

-lithologic characteristics of the overburden, 

i.e. percentages of shale, sandstone, and lime-

stone, 

-relative position of strong or soft beds above 

the coal seam, and 

-thickness of the above formations. 

As mentioned previously, the principal lithologies common to 

the Allegheny Plateau coal-bearing strata are shale, sand-
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stone, and limestone. 

chosen to study. 
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Therefore, these were the rock types 

Calculations were made to determine the percent of each 

of the three rock types present in the overlying strata; 

these values were used to determine the influence of lithol-

ogy on the maximum subsidence factor and the angle of draw. 

In order to implement this, the overlying strata was divided 

into two groups. 

similar effect 

The sandstone and limestone layers had a 

upon the subsidence and were, therefore, 

classified together and termed "hardrock". The thicknesses 

of the shale layers were summed with other soft strata, such 

as bone, fireclay, and coal, and appropriately termed "sof-

trock". These distinctions were made throughout this analy-

sis. 

Plots of the lithology as a function of the maximum 

subsidence factor included data from every case study. The 

scatter and range of the points were large; this was attrib-

uted to the inclusion of subcri tical data not representing 

the maximum possible subsidence of the panel. Thereafter, 

the subcri tic al data was omitted from the plots and more 

statistically conclusive graphs were obtained. 
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3.4 Developing the Subsidence Intormation 

Stationary and dynamic profiles are associated with 

subsidence. Munson and Eichfeld ( 1980) have defined the 

stationary profiles to include: (a) transverse profiles 

over the rib side, which are at right angles to the direc-

tion of face advance, ( b) longitudinal profiles at t:b.e be-

ginning of the panel, parallel to the direction of face ad-

vance, and (c) longitudinal profiles at the end of the panel. 

Travel ling profiles are said to encompass: (a) the draw 

occurring over the solid ahead of the advancing face (Sin-

clair, 1963), and (b) development profiles which describe 

the motion of a surface point over the panel as the face ad-

vances underneath and beyond it (Munson and Eichfeld, 1980). 

The transverse profile is the most common subsidence 

plot because three important parameters--the maximum subsi-

dence value, the offset of the inflection point from the 

ribside, and the angle of draw- -may easily be determined 

from this diagram. The transverse profiles were plotted for 

each panel. The primary consideration in their construction 

was selecting data from a survey conducted during or after 

the monuments were in an area of critical extraction, or if 

this was not possible the point of maximum subsidence. Care 

was also taken to avoid the influence of previously mined 

areas. 
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- Maximum Subsidence: The maximum subsidence values of 

different panels are of significance in research; therefore, 

it is necessary to plot a transverse profile containing the 

largest subsidence above the panel. If the panel is subcri-

tical, this subsidence value will not be representative of 

the maximum subsidence possible for the excavation. If the 

extraction is critical or supercritical, this value will be 

equal to the full subsidence of the panel. Before subsi-

dence characteristics from two panels may be validly com-

pared, they must be representative of critical dimensions 

Otherwise, the value obtained from the subcri tic al panel 

will appear comparatively low. The same reasoning applies 

to comparisons made between subsidence values obtained from 

the same panel. 

In several cases it was not possible to plot a tran-

sverse profile containing the largest vertical surface dis-

placement. This was either due to either poor positioning 

of the monuments or insufficient data. In these cases the 

maximum settlement would occur at a surface point on the 

longitudinal survey line above a panel, instead of a tran-

sverse line. In order to determine whether the larger value 

was actually more critical or merely the result of a survey 

error, the longitudinal profile was also drawn. The largest 

difference found between the two maximum values was 0. 6 
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feet, which corresponds to a subsidence factor variation of 

9 percent. 

Once a panel has undergone critic al extraction, the 

maximum subsidence will be approximately equal for either a 

longitudinal or a transverse profile. This concept is 

clearly illustrated by Figure 3. 4.1 where the centerline 

displacements reach their full value and then remain fairly 

constant. Therefore for critical extractions, the small 

difference found between the subsidence values in the longi-

tudinal super-critical area were disregarded. 

The values determined for maximum subsidence and the 

subsidence factors, in this study, were determined from the 

largest recorded displacements of the panel. However, the 

angle of draw, the value of subsidence at the rib, and the 

offset distance of the inflection point from the ribside 

were either observed or calculated from a transverse pro-

file, which although critical in n2ture, did not always in-

clude the largest displaced values observed above the panel. 

- Influence o~ Adjacent Panel~: Two of the panels col-

lected from industry, 3a and 3b, were influenced by old ad-

jacent room-and-pillar workings. The transverse profiles of 

these two panels, which were separated by a cioub:e entry de-

velopment, are shown in Figure 3.4.2. In this diagram, the 
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displaced surface points are seen to assume the standard 

shape of a subsidence curve except that the measurements 

taken near to and above the ribsides of the two panels ap-

proach asymptotic conditions at approximately 0. 6 feet and 

0.3 feet of subsidence, respectively. The previously mined 

room-and-pillar sections appear to be causing the ground 

surface in these areas to become displaced by 0.6 feet for 

the first panel, and by 0. 3 feet for the second panel. 

Therefore, the effect of room-and-pillar mining was sub-

tracted from the total subsidence to establish the amount of 

surface displacement due to the longwall panels only. The 

profiles shown in Figure 3. 4. 3 were plotted with this as-

sumption and were used to determine the maximum subsidence 

value and other surface displacement parameters of the pan-

els. 

- Surface Features : Mining companies are often inter-

ested in monitoring subsidence in the vicinity of gas lines, 

railroad tracks, streams, or other surface structures. In 

some cases, therefore, most of the monuments were placed in 

the vicinity of these structures and not at regular inter-

vals, thus making complete profile calculations rather dif-

ficult. 
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Surface structures were located above the longwall pan-

els 2c and 2d. Anticipating possible damage to the build-

ings, the mine personnel chose to monitor any displacements 

occurring to these structures. The position of the survey 

stations on the structures and at other locations on the 

panel enabled a complete transverse profile to be plotted 

for panel 2c. However, portions of the profile of panel 2d 

had to be approximated. Because there was a large horizon-

tal distance between the last two monuments above panel 2d, 

it was necessary to interpolate the points of one-half of 

the subsidence profile. 

- Angle of Draw: The angle of draw defines the limit 

of subsidence at the surface and it is perhaps the most dif-

ficult parameter to determine. Although the raw data often 

gave a zero survey reading, this value could only be assumed 

to provide a rough estimate of the location, because the 

survey readings are only as accurate as the ~onument spac-

ing. To illust::ate this point, consider -::we mcnum~nts, A 

and B, separated by 75 feet. Assuming that survey monument 

A was vertically displaced by 0.3 feet while monument B re-

mained stationary, monument B can only provide an approxima-

tion of the zero point location because it was not deter-

mined wr.ether the subsidence ended at a pcir!.t somewhere 

between A and B. 
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For this research, three methods were utilized to de-

termine the limit angle of a panel: 

-when the zero point was known, the following 

equation was employed, 

8= tan (x / h) 

where, 

the angle of draw, 

degrees 

x - the horizontal distance 

from the rib edge 

to the zero point 

h = the depth of the panel 

-where two zero points were given, because ground 

uplift had occurred over the soid coal, Brauner's 

method was employed (see Figure 1.1.4), and 

-when the zero point was unknown, the transverse 

subsidence curve was extended by curve-fitting 

procedures 2.nd the zero poj_nt was interpolated. 

- Inflection Point: Investigations were performed ini-

tially to dete~mine if the subsidence profiles of the case 

studies could be grouped on a regional geographic basis. As 
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a result of these analyses, the five groups shown in Figures 

3.4.4 through 3.4.8 were obtained. Several of the half pro-

file!3, which were nearly identical in shape, were omitted 

from the graphs for clarity. Although the curves of Regions 

IV and V appeared to be highly correlated, further analysis 

of these curves and those of the other regions, revealed 

that the similarities in sr:ape were due largely to the in-

flection point loc2tion, a:1d not the geographical region of 

the panel. 

The position of the inflection point is very important 

since it dictates ~he shape of the profile. Further:-ri.ore, as 

cri ti_c2.1 or- supercritical conditions are approached, this 

point is displaced =urther inside tb:; gob arcd thus can ue 

used to differentiate between critic al and subcri tic al e v-,. 

tractions (NCB, 1975). This property was the primary con-

sideratio~ used in this study to facilitate the grouping of 

the profL~es. Figure 3.4.9 shows the half-subsidence curves 

cf critical and supercritical extractions, and Figure 3.4.10 

t.:ose of the subcri tic al e~-:.t:racti_ons. These plots have been 

non-dimensionalizeci by dividing t:~e distc;.ncf.: from the ce::-

terline by the depth and the subsidence at any point by the 

maxjmum subsidence. The inflection pcint is seen to be lo-

catcl betv~e~ 0.1 and 0.3 over the ~ob fort~~ critical pan-

els, and the subsidence first appears at a point located be-

tween O.G ~o C.B from the centerline_ The inflection point 
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of the subcritical panels is located anywhere from 0.1 over 

the rib to 0.1 over the gob and the subsidence begins at a 

distance between 1.0 to 1.2 away from the centerline. It 

can be seen that, on the average, when the inflection point 

is located 0.2 inside the gob the excavation is generally 

critical, and if it is located nearer to or above the rib it 

is subcritcal. These relationships are clearly illustrated 

in Figure 3.4.11. The data of this plot suggest the location 

of the inflection point for critical and subcritical extrac-

tions. Similar measurements in the United Kingdom have in-

dicated that for critical extractions, the inflection point 

is located about 0.14h inside the gob. These trends support 

the observation of O'Rourke and Turner (1981), who suggested 

that although smaller amounts of subsidence are experienced 

in the United States, they may still induce as much as two 

to five times greater curvatures and strains. 

All of the data used in this study were tabulated and 

analyzed in terms of the variables previously discussed. 

Table VI I I presents the information used to establish the 

ch2racteristic subsidence relationships above longwall pan-

els in Appalachia. 
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4.1 Mining Factors 

Chapter IV 

RESULTS 

The characteristics of the collected panels are summa-

ri zed in Table VI I I. The width of the excavations ranged 

from 380 to 610 feet. Adjacent panels whose support pillars 

had failed during extraction were considered as single exca-

vations, which resulted in two panels having exceptionally 

large widths in excess of 1000 feet. The seam depth varied 

from 215 to 1700 feet and the average extraction thickness 

was 5. 25 feet. Analysis of the data revealed some charac-

teristic subsidence relationships and trends. 

- .Z\ngle of Draw: The angles of draw ranged from 12 to 

34 degrees with the exception of one sinkhole, which caused 

no draw. These liQit values were plotted against their re-

spective panel width-to-depth ratios and compared with Brit-

ish observations. The British data shown in Figure 4.1.1. 

reveal a scatter similar to the Appalachian values. While 

the NCB data approach a constant limit angle of 35 degrees, 

the Appalachian panels appear to reach a constant value at 

about 28 degrees. The graphs used in the Subsjd~nce ~ngi-

116 
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neers' Handbook to predict subsidence profiles were devel-

oped for an average limit angle of 35 degrees. Because this 

average value is greater than the maximum limit angle found 

in Appalachia, the British prediction system significantly 

overestimates the extent of subsidence at the surface when 

applied in this region. 

- Subsidence Factor: The surface subsidence was deter-

mined to be directly related to the volume and the depth of 

the extraction i.e., the subsidence factor increased as the 

width and the seam thickness of the panel increased. Figure 

4.1.2 shows this trend and the range of subsidence factors 

determined for the Appalachian region. The large values ob-

served in the central portion of the graph represent shallow 

mines which acted as sinkholes and had exceptionally large 

yields of subsidence at the surface. An improved relation-

ship is observed when these values are eliminated. These 

findings agree with the results of previous investigators. 

The subsidence factors of the collected panels were de-

termined to decrease with increasing depth. This relation-

ship is not obvious from the graph shown in Figure 4. 1. 3, 

because the majority of the data are located within a narrow 

range. These results disagree with the findings of Kohli et 
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al (1980), but they do agree with those of the NCB (1975) 

and Peng et al ( 1980). In the latter reference, this rela-

tionship was assumed to be the result of longwall mining 

which induced caving of the immediate and intermediate roof 

strata. This caving zone may propagate to a horizon located 

from 35 to 50 times the mining height above the seam. Al-

though bed separation can occur, there will be no apprecia-

ble breakage. This allows the main roof strata to settle 

down in a continuous piece on the gob, without a significant 

increase in volume. 

The subsidence factors are shown together with the 

NCB's limits for caving in Figure 4.1.4. Although the Appa-

lachian range of subsidence factors is 0.20 to 0. 76, the 

ma;~irnum value shown is 0. 65, because the sinkhole data were 

not inclued in this graph. The general trends shown by the 

data from both regions appear to be similar; however, mining 

conditions in Appalachi.. demonstrate consi stcntly smaller 

amounts of subsidence than in Britain. The curve shows that 

the upper limit for Appalachia is roughly 0.63, and asymp-

totic conditions are approached for panel width-to-depth 

ratios greater than 1.0 to 1.2. This corresponds to a ratio 

of 1. 4 for British conditions, indicating that a smaller 

distance is required to reach critical subsidence conditions 
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in the Allegheny Plateau Region. Because the NCB' s pre-

diction graphs were developed from mines possessing signifi-

cantly higher magnitudes of subsidence than generally found 

in Appalachian mines, the British charts have been found not 

only to overpredict the limit of subsidence at the surface, 

but also to overestimate the magnitude of this subsidence 

(Goodman, 1980). 

It is interesting to note the variation of subsidence 

factors which were demonstrated by panels with equal width-

to-depth ratios. For example, the ratio of 0. 8 possesses 

subsidence values ranging from about 0.2 to 0.45 times the 

seam thickness. This scatter suggests that there is another 

variable which ~as an influence upon the subsidence, in ad-

di ti on to the panel geometry. For this reason, the effect 

of the overburden stratigraphy on subsidence was investigat-

ed. 

4. 2 Geo_loqi_~ _Fas::t.or§ 

The percen~ of shale, sandstone, and limestone present 

in the overburden of each panel was calculated from the col-

lected drill core data. These values were then plotted as a 

function of the maximum subsidence factor and the angle of 

draw to develop characteristic trends. The annlysis showed 

that increasing amounts of either sandstone or limestone in 
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the overburden cause a decrease in the subsidence factor. 

However, the range and scatter of the data points were large 

and an accurate linear relationship was not determined. 

The limestone and sandstone beds appeared to have a 

similar influence on the subsidence; therefore, these two 

rock types were grouped together as hardrock formations, and 

their influence on the maximum subsidence factor was inves-

tigated. The result of t.hi s analysis is shown in Figure 

4. 2. 1,, which includes the subsidence factors of al 1 case 

studies, including critical and subcritical panels. The 

subcritical extractions do not possess maximum subsidence 

factors representative of the full silbsidence, or maximum 

possible subsidence. Consequently, these values were o~it-

ted f:i:-10m the plots of beth rock types in order to eliminate 

the p,a.nel geometry variance from the analysis. A linear re-

lation:ship was obtained from this procedure and is shown in 

Fi gu re: 4 . 2 . 2 . In fact, the coefficient of determination is 

0. 54, and'. represents an acceptable fit for this type of 

analys:is. 

TI'l.e percent of shaJ_e and other soft rocks in the over--

burder" \ve.re also grouped and plotted against the maximum 

subsid~nce factor. The resulting graph is shown in Figure 

4.2.L Because the hardrock and the softrock comprising a 
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single overburden are complementary, the plot of the sof-

trock versus the subsidence is a mirror image of the previ-

ous relationship. It has been shown that an increase in the 

amount of softrock in the overburden will cause an increase 

in the subsidence factor, while an increase in the amount of 

hardrock will cause a decrease in the subsidence factor. 

There were no obvious trends s 1.1ggested from the plots 

of the angle of draw versus the different lithologic layers. 

This is most likely due to the complex nature, and the dif-

ficulty required to get an accurate measurement, of the lim-

it angle. 

The presence of a massive sandstone bed (or other hard 

rock layer) has been suggested to inhibit the surface subsi-

dence (Peng and Cheng, 1980). This thick layer is believed 

to reduce or eliminate the propagation of caving or sagging 

strata and thus reduce the subsidence. The relative posi-

tion of the strong stratum in the overburden is also an im-

portant consideration. However, the precise effect of these 

factors on subsidence is difficult to ascertain. 

4.3 Prediction Model 

The subsidence profiles determined for the collected 

panels were compared with NCB predictions of the same data. 
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Two of these plots are included in Appendix B. A.s expected, 

from the compar:sons made in Figures 4.1.l and and 4.1.4, 

the overestimations are quite significant. It should be re-

called at this point, that the British did not incorportate 

the effect of geology on subsidence into their empirical 

prediction system. Based on the linear relationship deter-

mined previously for ".:he maximum subsidence factor and the 

percent of hardrock in the overburden, it is necessary to 

incorporate the influence of lithology into a subsidence 

predjction plan for Appalachia. 

Before an empirical prediction model could be developed 

for the Appalachian Region, it was first necessary to deter-

mine the subsidence profile shape characteristic to this re-

gion. Because the subsidence profiles are greatly infl.u-

enced by the position of the inflection point, it was 

necessary to develor:; a grouping system which is comprised of 

con-D<"rable subsidence data. =n order to accomr.Jli sh this, 

all cf the case studies were divided into one of two catego-

r1es--critical (which inc:udes supercritical) and subcriti-

cal. ~he half profiles s~own in Figures 3.4.7 and 3.4.8 il-

lustrate the small range o~ data poi~ts wl1ich are located in 

each group, thus indicati~g that the mean profile of a group 

cc1 t.:lci be used to provide a fair representation of the 
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overall subsidence trend. Therefore, the average or mean 

pro.files were calculated and drawn, as shown in Figures 

4.3.1 and 4.3.2. 

An extensive literature survey was performed to find a 

function 

profiles 

which would describe 

of each group. More 

most appropriately the mean 

than' 20 empirical formulae 

have been developed to predict subsidence from underground 

coal mining (Chen and Peng, 1981). These functions have had 

varying degrees of success and are reported in many forms. 

Attempts were made to apply several of these equations to 

the field data of the collected panels, using the computer 

to perform the curve-fitting procedures. The function deter-

mined t6 most·accurately describe the subsidence data was a 

hyperbolic tangent equation described by Brauner (1973). 

This profile function has been suggested from both model and 

theoretical investigations. 

It was convenient to use the different referencing sys-

tern illustrated in Figure 4.3.3 to compare the various pro-

file functions (Brauner, 1973). The origin, or zero point, 

of this coordinate system is the inflection point and the 

variable .'~ is the horizontal distance away from it. This 

dist~1nce x is expressed in terr1s of the dist2nce from the 

centerlin0 to ~he inflection point, B. 

The subsidence, s, therefore is given by: 
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s Smax/2 ( 1 tanh (cx/B)) 

whe:ce, 

Smax - Maximum subsidence 

c constant; l.4 for subcritical 

panels, and 1.8 for critical 

or supercritical panels 

The value of c was found by inputting the Appalachian field 

data into the computer. Figures 4.3.4 and 4.3.5 illustrate 

how accurately the hypPrbolic tangent function predicts the 

mean scbsidence curve of the two groups. 

er bounds of the data are also shown. 

The upper and low-

The hyperbolic tangent equation, or the graphs of this 

equation, may be used to plot: a subsidence profile if the 

maximum subsidence value is known. It was previously estab-

lis~ed tha~ subsidence is a fun~tion of both the geometry of 

the panel and the lithology of the overb'Jrden. Based on 

these rela~ions~ips, it is obvious that the subsidence will 

reach 2 cer.t.:nn magnitude and then remain fairly constant 

for a giv~n width-to-depth ratio 2nd percentage of hardrock, 

in a form suggesting an expo~ential curve. It is also known 

that asyF.;:totic conditions wilJ_ be :nt;': at a higl1er subsi-
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dence value when a smaller- percent of hardrock is present in 

the overburden. By mathematically combining the equations 

which describe these relationships, an expression containing 

all three variables was determined. The field data were fed 

into this equation and a nonlinear regression computer pro-

gram was used to determine a series of curves. Thus, a 

three-dimensional relationship was established between the 

maximum subsidence factor, the percent of hardrock, and the 

panel geometry. Because the amount of hardrock found in the 

overburden of the collected panels ranged from 5 to 60 per-

cent, the curves outside of this ::..·ange were interpolated 

from the equation. This series o~ curves, which are shown 

in Figure 4. 3. 6, enable the maximum subsidence value for a 

given amount of hardrock and a certain width-to-depth ratio 

to be predicted in the Appalachian Region. 

An entire subsidence profile can now be developed for 

Appalachian mining conditions. The maximum predicted subsi-

dence factor .is found frcm F:i.gure 4. 3. 6. This value may 

then be used in conjunction with the hyperbolic tangent 

equation 4. 3. 1, to obtain subsidence values at different 

di stances, x, from the panel centerline. The result is a 

subsidence profile which illustrates the magnitude, limit, 

and shape of the vertical surface displacements. These re-
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lationships have been tabulated, using a computer program, 

and are shown in Tables IX and X. 

The accuracy of this method was checked by inputting 

the raw data into the curves of Figure 4.3.6, and comparing 

the results with the actual subsidence values. The error 

determined between the field and predicted maximum factors 

was 17.5 percent. When compared with other prediction mod-

els, both empirical and theoretical, this empiricai system 

can claim a superior accuracy. 

A computer program was developed to plot the predicted 

subsidence profiles. The input requi :r-ed for this program 

includes the width-to-depth ratio of the panel, the seam 

thickness, the percent of hardrock in the overburden, and 

the maximum subsidence factor as determined from Table IX or 

Figure 4.3.6. The computer will plot the subsidence at any 

specified horizontal distance from the panel ce~terline. A 

description of the computer program and a sample output are 

included in Appendix D. Figures ~.3.7 and 4.3.8 illustrate 

the accuracy of the predicted profiles as plotted by the 

computer. i\ comparison betv:een the acutal and predicted 

subsidence profiles is presented in Appendix E. 

Because the model is relatively simple to use, this ap-

proach is practical as well as reliab::..e. This method is 



TABLE 1X 

DETER!HNATlOtl OF MAXJHUM SUBSlDENCE r-----
[ ____ -1:1.tiA!lW.H_!i_!.1il~UflUl.GLAS_A._P-E.flf,_f..HLDLoS[A!:LJ.11.LC.KI!L!i,_,_. -------
1 

! _________ .. _____________ __:_ _.f IllITl.LLJJAfilUill.G!L_ ____________ _ 

---···~1_11 _____ ! () 
l). 00 0. 000 
o.o5 o.ow; 
0.10 0.020 
0. i 5 0.0113 
0.20 0.07'.'> 
0.75 0.11) 
0.30 U.156 
0.35 0.203 
0.1!0 0.?.51 
0.115 0.291l 
(] . 5 () 0 . 31111 
0.55 0.3!lll 
0.60 0.1120 
0.65 0.11611 
(J. 70 lJ. 1;<)') 
0.75 0.)22 
0.80 0.5115 
o.nr, o.'.>63 
0.90 0.579 
0.'l5 0. ~91 
1.00 0.600 
1. 10 0. 612 
1.20 U.619 
1,](J 0.623 
I .110 0. 6211 
1.50 0.625 
l. 60 0. 625 
1.70 ·0.625 
l .110 0. 62 '.> 
1.911 0.625 
2. ()() 0.625 
2. 20 n. 62'.> l 2.110 0.625 
2.60 0.625 
2.llO 0.625 
j 00 (). 62~> 

-------

20 

0.000 
0.005 
0.0111 
0. 0110 
0.069 
0. iOll 
0. ] I; 3 
0. leG 
0. 2 '30 
0.273 
0.316 
0.356 
0. 39:? 
o. 1125 
0.11511 
0.1179 
O. IJ99 
0.517 
0.530 
0. 51, 1 
0.550 
(). 56 1 
0.565 
0.571 
0.572 
0.573 
0. '.)13 
0. 5 73 
0. '.)73 
0.'.>73 
0. 513 
0.573 
0.573 
0.513 
0.571 
0.573 

30 

o.oon 
0. 0011 
0.016 
0.036 
0.063 
0.095 
(). 1 30 
0. 16'1 
0.209 
0. 21;9 
0. 28 7 
0.323 
0. 3 5 7 
0. J5 7 
0. It 13 
0. ljj'.) 
0.11511 
(J. 1170 
0.1182 
0.:192 
0. '.iOO 
0.511 
0.516 
0.519 
0.520 
(). 52 1 
0.'.)21 
0.'.)21 
0.521 
0.521 
0. 5?.1 
0.521 
(). 52 1 
(). ') 2 1 
er. ;:. 2 1 
0.521 

IHl 50 60 70 /JO 90 

0.000 
0. 0011 
0.015 
0.033 
0.056 
o.ous 
0. 117 
0. 1;;2 
0. HlB 
(). 2 211 
0.250 
0.291 
0. 32 1 
0. Jlltl 
0.3'/2 
o. 392 
() .1109 
0 .112 3 
0. l;Jl1 
0 .11113 
0. 1150 
0 .1160 
0. 116'.; 
0.1167 
0.1169 
0.1:69 
0."69 
0.1169 
0.1169 
O. lr69 
0.1169 
0.1169 
0 .1169 
0.1169 
O. IJ69 
o. 1169 

0.000 
0.003 
0.013 
0.029 
0.050 
0.076 
0. 1011 
0. 135 
(). 16 7 
o. 199 
0.230 
0.259 
0. 2135 
0. 309 
0.330 
(). 3118 
0. 3611 
0.376 
0. 386 
0. 3911 
0.1100 
0 .1109 
(). 11 l 3 
0 .1116 
0.11i7 
0. 1117 
0 .1117 
0.1117 
0.1117 
0.1117 
0.1117 
0. 111 7 
0 .1111 
0. 111 7 
0. 1117 
0. lj l 1 

0. rJOO 
0.003 
0.012 
0.025 
0.01111 
0.06G 
0.091 
0. ! 18 
0. 1116 
0. 1 711 
0.20! 
o.2n 
0.250 
0.271 
0.239 
0. 305 
0.3111 
0.329 
0. 3 38 
0. 3115 
0.351 
0. 3'.iB 
o. 362 
0. 3611 
0.365 
0. 365 
0. 36) 
0.365 
0. 36'.) 
0.365 
0. 365 
0.365 
0. 365 
0.365 
0. 365 
0.365 

0.00() 
0.002 
o. 010 
0.022 
0.038 
O.O'Jl 
o. om 
0. 102 
0. 126 
0. 1'19 
(). 1 73 
0. 191t 
0. 21 :1 
0.232 
0. 2118 
0.262 
0.273 
0.<~82 
0. 2•.10 
0. 296 
0. 301 
0. 307 
0.310 
0.312 
0.313 
0. 3 13 
0.313 
0. 3 13 
0.313 
0.313 
0. 31 3 
0. 3 l 3 
0. 3 1 3 
0. 3 l 3 
0. 3 13 
o. 3 1 3 

0.000 
0.002 
0.003 
0.018 
0.031 
0. 0117 
0.065 
0. 0'15 
0. 105 
0. 125 
0. 11111 
O. 1 G2 
0. ~ 7';1 
0. 1911 
0.207 
0.213 
0.2213 
o.n6 
0. 2112 
0. Zll 7 
0.251 
0. 2'.)6 
0.?59 
0.260 
0.261 
ll.261 
0.261 
(). 261 
U.261 
0.261 
0.261 
0.261 
0.261 
0.261 
0.261 
0.261 

0. OIJO 
0.002 
0. Oll 7 
0.015 
0.025 
o. om 
0.052 
0. Ubl'l 
() • (111 Ir 
(). 100 
0. 11) 
o. 130 
0. 1113 
0. 15) 
0. 166 
0. 175 
(I. 113 2 
0. Hl9 
(J. 1911 
0. 1911 
0.?01 
O.?O'i 
0.2f.\7 
0.208 
0.209 
0.2119 
0.209 
0.209 
0.2(19 
0.209 
0.209 
0.209 
0. 209 
0.209 
0.209 
0.209 

I-' +> 
(_:) 



TABLE X 

l>E'iT!{filiU1.TTON OF Tlll~ SUBS ID ENCE PIZOF ru~ 

i · .. -=-=- -~- =~---"~':::~:::":,, C:tl:::C:: IT~: ::·:::!<,,'I",;,:,:·::,~:,[ nEPiJi-------------------~ 
[ __ \Ill ~=· ,; =~-~~==- --.-~=~-=~---·---:J . I -- -~-~-- --~~--~~-=-~~~~----·--:·9---:g5--r,75DJ I o.oo 0.319 0.2;:1 0.197 o.1n 0.1511 0.1110 0.121 0.1111 o.ico o.on11 0.061 0.0112 o.ooo 

0.0) 0.3110 0.2l6 0.210 r:.1fl2 0.1611 0.1119 O. lJ'.i 0.122 0.107 0.090 0.06'.> 0.01111 0.001) 
0.10 0.362 0.?51 iJ 2?11 0.19'1 0.1711 0.159 0.11111 0.12') 0.1111 0.095 0.069 0.0117 0.000 
ll . 1 ') 0. 11111 u. ~·(,(; o. 2 3 I o.;~nG 0. 185 o. 168 0. 153 0. 137 (). 12 1 0. 10 l 0.073 0. 0'.>0 0.000 
0 . (' () O . 1, il I (I . <' IJ::: U. 2 ') I 0.? Ill 0. 196 0. 173 0 162 0. ll16 0. 12{1 0. I 07 o.orn 0.053 0. (JOO 
!) . 2~ 0. 1131 0. ?91; (1. 26(, P.~cJI 0.20U 0. lll9 0. 171 0. 1)11 o. 116 (). I I 3 0.052 0.0'.JG 0.000 
I). 3 () n. 11 '.i5 0' 3 l) (). ;: 0 1 (J . 2!:11 0.219 0. l 99 0. Ill 1 0. 163 0. 1113 (). l 20 O.Oll7 0.0)9 0.0()0 
I) . ~~ 1J (). 1179 (J. 3 l 2 0.<'% 0.2'.)7 (). 2 3 I 0.21U 0. 191 0. 171 0. 15 I 0. 126 0.091 0.063 0.000 
0.110 0. 50'.i (J • .l50 (J. 3 1;: 0. 2 70 0. 2113 0.221 0.201 0. lllO 0. 159 o. 133 0. 096 0.066 0.000 
0, II) ll.530 o. Jo 1 0.3;~[\ 0. 21Jlt 0. 256 0.232 0. 21 l (). 190 0. 16 7 0. 1110 0. 10 I 0.069 0.000 
ri. '.JO 0. 5 ~-· 7 0. 1U6 0. 311r1 0. 2'.18 0.26/l 0. 21111 0.221 0. 199 0. 1 75 0. 1111 0. 106 0.073 o. ooo I t-' 
(l. 5) 0. 5811 0.11011 0.360 0. 3 l 3 0. 21J 1 0. 2% 0.232 0.209 0. lili1 0. 1511 0. l 11 0.076 o. ooo I ~ ..... 
0.60 ll. 6 1 l 0. 112 3 U. 3 7 I 0. 3 28 0.295 0.268 0. 2113 0.219 0.192 0. 161 0. 116 0.080 o.ouo t-' 
0.6~ 0. r,39 0. 11113 0.395 e. 3113 0. 308 0.280 0. 2511 0.229 0.201 0. 160 0. 122 0. 0811 0.00() 
n.10 G. (i6B 0 .1163 O. r11 ;> O. 3 Sil 0.322 0.292 0.266 0.239 0.21f) 0. 1 76 0. 1~?7 0.087 0.000 
(I . 7 ~) 0.697 (). llfl.! 0 .113 l (!. 3 /11 0.336 0. 305 0. 277 0. 2119 0.2i9 I}. iet1 0. 1 3 3 0.091 0.00() 
:J. 130 0. 727 0. 5011 0. :1119 0. 3 '.J•) 0.350 0. 315 0,2{)9 0.2GO 0.229 0. 19 l (). 1 3 fl 0.095 0.000 
(). IJ) 0. 7 5 7 0.525 (). '1613 0. i106 (). 365 0.332 0. 30 i 0.271 0. 2.Hl 0. 199 () . 11111 0.099 0.000 
fl. 90 (). 7a8 ().)I! 6 ri. IHJ I 0 .1123 0.3ll0 0. 3115 0. 313 0.252 o. 211c 0.208 o. 150 0. IC3 0.000 
II. Y'."> O.ll?O 0. 5(i/J 0.506 (). 1139 0.395 0.359 0. 326 0.293 0.2513 0.216 0. 156 0. 107 0.001) 
1 . ()() 0.052 (). 590 0.526 0. 115"/ 0. ,, 11 0. 37 3 0.339 0. 305 0.268 (). ~211 0. 162 0. 11 l o.oon 
I. 10 (). 918 0.636 ll.567 0.11')2 0. l1ti2 0. t102 0.365 0.32ll 0. 25') 0. 2112 0. 1 75 0. 120 0.000 
I. 20 0.91l6 0.6il3 0.609 0.529 0. 1175 0. 113 2 0. 392 0.353 0. 310 0.260 0. lllB 0. 129 0.000 
l. 30 1. 057 0. 732 0.653 0.566 0. 509 0. 1163 0.1120 0.370 0. 333 0. 278 0.201 0.13{) 0.000 
I . 11 !l 1 . 1 3 (J O.!flJ I). 691\ 0. 605 0. 51111 ().Ii 9 5 0. 11119 0.11011 0.355 0.298 0.215 0. 1118 0.000 
1 . 50 1. ;>()J 0. fl3') () . 711 r1 u. 611(, 0.581 0.528 0, 1179 0.1131 0.379 I). 3 1 7 0.229 o. 150 o.ouo 
I. Go 1. 2112 0.1358 0. 7')2 0.6U7 0. 6 lfl 0.561 0.510 0.1159 0.110!1 0. 33{) 0. 21111 0. 16ll 0.000 1 . 1 () 1.362 I). 91111 U. fJll 1 0. 730 0.657 o. 596 O. 5r12 (). l!IJ 7 0.1129 0.359 0.259 0.17ll o.uoo l . ll () 1. t1l1l1 1.001 O.lln t). 7711 0.696 0.632 0. 5111 0.517 0 .11511 0. 31l0 0.275 0. 189 0.000 1 . ')(' 1. 529 I. 05') (!. 9 !111 0. 519 0. 737 0.669 0.605 0. 5117 0.1101 0.1103 0.291 0.200 0.000 
2 (J(J l. 615 1. l l9 0.99ll 0.866 0. 779 0. 707 0. 6112 0. 57ll (). 506 (). 1126 0. 300 0. 211 0.000 
2 . ~:o I. 7<J6 1. ;>1111 l. 109 0.963 0.566 0. 7ll6 0. 1111 0. 6112 o. 565 (). 11 7 3 0. 3112 0.235 0.000 
2. Ji!) I. 91)) 1. 3 76 1 . ;~ ;? G 1 . 0611 0. '))7 0.869 0. 7n9 o. 710 0. 62'.> 0.523 0 .. 170 0.260 0.000 
2.61l 2. 11111 I. 5 I 3 1 . 311 ') l . 1 7 i l.O)J 0.956 O.H6ll 0. 7fl 1 (J. 6ll 7 0. 515 0, II 16 0.286 0.000 
2.110 2. 39;: 1. 65:.1 I . 11 17 1. 21\2 1 . 153 l,(Jl17 0.951 0.856 0. 753 0.630 0. 11:i6 0. ) I 3 0.0()0 
1 . ()(I 2. (, 10 I . [l Oil I. 6 1? l. 3')9 1. 250 I. 1113 1. 015 0. ~13 3 0.521 0.6137 0. 119 / (). 3111 0.000 

------ ·- - -----·----·--------------------



142 

0. 01- ----~~ ------- ------- --- --- ---- -- -- -. ---- --- ------ -----::~-;:__::=.-~ 
; ' /~ 

-o. 2~ 

• -o. 4--:j 

-o.s-: 

j 
• < -o. 8-:; 

. c-j 

\, .';/ 
\ \ / 
\ \ I I 
\ \ ,' I 

\ I / I 
\ \ I 
\ \ I I 
\ \ I I 
\ , I 
I f 
\ ; 
I I 
' I \ I 
I I 
I I 
\ I 

Actual Curve 

~ 
Ul 

- -1. 2~ 
\\ \ I I 

I 1 I \ ~ ; I 
Predicted C'-!rve 

'.;') 

- : . 4~ , 

.. 
- i. 5J 

J 
' j 

. 

\ ·: , I 
\ ~ : I \I 1 I 

\
\ I I 
' I, 

\ \ I! 
\\ 

\ '. 
\ \ 

. ' •I 
J :' 

/ ' 

"\'.-'>" 
'-/ 

-2. o~-.-·~~~~~~~~~~~-:-~~~~~~~-
5/)1) 

?is~re 

300 100 

:·:1e Corr.?ut2r ?lot:2d 
Case Stl.!ci\,. -u. 

~00 ::oo 



...... 

CJ 
u 
~ 

::J 
-::; 

:11 

:l 
:J'l 

143 

o. cc-;.- --- ----~-,-- -- -------- ---- -- --- -- ------ --- ---- --- -- --- · -/--~.:.-=~ 
; '"'· I./ 

-o. 25~ 

' -Q,50-j 

I 
-C.75-1 

I 
I 

-1 . oo..:: 

-1 . 2s-J 

·-1 . SO-' 

j 
- 1 . 15....: 

1 , 
- 2. ooJ 

" ' • I 

' -2-25-j 

J 
-2. 50-i 

- ~- i"S~ 

- J. 00__:, 

500 

\ ' 

\ 
\ 

\ 
\ 
\ 

\ 

\ 
i I 
\ . 
I 
I I 
\ \ 

\I 
\! 
\1 

•I 
\ 
\ 

\ I 
\1 I . ~ '\\ , , 

" \\ I I 
\ ' . / 

I \ I i 
\ ' i i 
\ '' · 'j ' .... ' \ - ' 

\"-../// 

-- --.---r--· 
300 (\ _, 100 

Tn2 ~) i ......... - :::. (~ ._ -'-- L ... ..__. 

I 

I / 

/ I 
I 
I 

j 

I 
I 
I 
I 
I 

I I 
I j 

• I 
I I 
I I 
I/ ,, 
1/ 
1/ 

300 



144 

currently the only model which has incorporated the influ-

ence of geology into its predictive capabilities. Further-

more, it can be claimed that other prediction systems avail-

able do not provide these qualifications for Appalachian 

mining condi tim'.S, making this the most qualified system to 

be used by the Appalachian mine operator. 

4.4 Time Factors 

The development of subsidence is an important concept 

in the area of mine J.esign. The time taken f '.J':' a surf ace 

point to begin or complete subsidence is directly related to 

the stress redistribution above the waste area. This rela-

tionship can be used t . .) obtain valuable guidelines for bar·· 

rier pillar design. 

The average development curves of the Appalachian long-

wall panels, which were not influenced by adjacent workings, 

are shown in Figure 4. 4. 1. These curves represent the de-

velopment of subsidence for a surface point as the mining 

face approaches, passes underneath, and advances beyond the 

point. The surface point first responds to the approaching 

longwall face when the face is between O.Sh to 0.6h away 

from it. In the Appalachian Region, the surface has often 

been observed to heave beyond this range as a response to 

the cantilever action which begins at the support line (Ros-
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coe, 1980). This positive subsidence, or uplift, has also 

been witnessed beyond the zero limit of subsidence along the 

sides of, in front of, and behind the panel. The range of 

0.5h to 0.6h differ;_; from the distance of 0.75h found for 

British conditions, once again indicating that smaller dis-

ta.nces are required to reach critical conditions in Appa-

lachia. 

When the face has advanced about 0.55h beyond the sur-

face point, the active subsidence of the point is complete, 

and is independent of further face advances along the panel. 

Although this distance is smaller than that found by the NCB 

(0.7h), the same fundamental relationship concerning the de-

velopment of subsidence is observed. Active subsidence be-

gins and is almost fully developed when the coal face has 

travel led a di stance equal to approximately two times the 

draw before and beyond the point in question. This means 

that 2. surface point is subjected to ./- • 1 ver \..lca_,_ dis;_:ilacement 

only while '.:he face is located within this critic al dis-

tance, which has been determined to equal about l. 4h for 

British mines and 1.lh for Appalachian mines. 

Although the critical wid.th--i:o-deptl.l ratics of the two 

mining regions differ, some similarities were found for the 

de•1eloprr;ent o-!: subsidence in the British and Appalachian 

co::i.lfields. When the face is located below the point in 
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question, approximately 15 to 16 percent of the maximum 

subsidence is reached in both regions. Also, 50 percent of 

the active subsidence, in both coalfields, is complete when 

the face has advanced between 0. 20h and 0. 25h beyond it. 

The initial and final 0 to 5 percent of subsidence is diffi-

cult to determine and somewhat variable, so active subsi-

dence is believed to be complete when approximately 98 per-

cent of the maximum value is reached. 



Chapter V 

CONCLUSIONS AND RECOMMENDATIONS 

During this research investigation, characteristic sub-

sidence relationships and trends were established for the 

Appalachian coalfields. The collected information enabled 

the development of an empirical subsidence prediction model 

which can be applied to this region, with an accuracy of 

less than +20 percent. The primary and unique advantage of 

this prediction system is that the influence of the overbur-

den lithology was incorporated into its design. Al though 

the variation of lithology is one of the main reasons that 

an empirical subsidence prediction system is not generally 

applicable beyond the region it was developed, the effect of 

this variable on subsidence has not yet been included in any 

other predictive model. As a result, this method presents a 

more accurate and practical subsidence prediction capabili-

ty. This is explicitly shown by the comparisons of Appendix 

D. 

The empirical model presented here possesses the limi-

tation of being primarily applicable in the Appalachian Re-

gion and may require modification before it can be applied 
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in other coalfields. This approach, however, is easy to use 

and provides accurate predictions. Therefore, it will prove 

to be invaluable to mine operators. Furthermore, other ap-

proaches, such as theoretical and mathematical approaches to 

mine subsidence, will be greatly facilitated and enhanced by 

the data bank and the relationships which have been estab-

lished during this study. 

Although the research performed during this investiga-

tion has covered a number of parameters which influence mine 

subsidence, there are sever al areas which require further 

investigation: 

-Stra'ciaraphy: The relative position and 

the thickness of the various layers in the over-

burden considerably affect surface subsidence; 

however, the precise nature of this influence is 

not yet known. An investiga.__ion involving the 

effect of the various bed thicknesses and their 

lccations in the overlying strata on subsidence 

could greatly complement the lithologic influence 

already established in this study. These rela-

tionships could also be used to establish guide-

lines concerning the height of caving above a 



150 

particular seam. In addition, more research is 

needed to incorporate the competence of the vari-

ous layers, the presence of water, and the sig-

nificance of any discontinuities on the subsi-

dence characteristics. 

The influence of topography on 

subsidence continues to be a somewhat controver-

sial topic for subsidence engineers. It was not 

possible to perform a thorough investigation on 

this subject with the available dat2, because the 

majority of the case studies did not exhibit a 

significant variation in surface topography. Ir. 

the few cases where the topography map indicated 

that a rolling or hilly terrain was present above 

a,partic~lar panel, several profiles were plotted 

at va:c~ ot.<s positions al.ong the panel. Although 

it appear-ed that the angle of draw was affected 

by this change in contour, the maximum subsidence 

was suggested to be indepe~dent of the variable. 

However, further analyses are required before 

significant conclusions can be made. 
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-Data Bank: The data which was gather~d for 

this research originiated from longwall mines lo-

cated in five states within the Appalachian Re-

gion. However, so me of the coal.f:i_elds in this 

region have not been as highly researched as oth-

ers. Consequently, it is recommended that ef-

for ts should continue to gather subsidence data 

from these coalfields, particularly from the min-

ing districts of Kentucky, Virginia, and Alabama. 

In addition, such a subsidence data bank 

should be attempted for the other longwall mining 

regions of the United States. Such a task can be 

greatly facilitated by the procedures and guide-

lines described in this research. 

Although longwall 

mining continues to increase in popularity in the 

United States, room-and-pillar mining is current-

ly the method most widely used. It has been sug-

gested that full pillar extraction will initiate 

a surface response similar to that caused by 

longwall panel extraction (Peng, 1978). However, 

the subsidence studies related to this mining 
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method remain virtually nonexistent. Therefore, 

it is recommended that subsidence monitoring pro-

grams for both full and partial room-and-pillar 

methods be performed, and the data subsequently 

analyzed in a fashion similar to what has been 

described in this work. Such a study is nee es-

sary to combat the often severe problems of aban-

doned mines. 

-Survey Methods: All of the case studies 

which have been presented in this rease:>.rch in-

elude data from surveys performed by mine person-

nel. For this reason, no established and consis-

te~t procedure was used to either gather or 

record the subsidence data. To ensure control 

over the quantity, quality, and method of obtain-

ing future subsidence information, of any form, 

it is believed that a comprehensive study should 

be conducted, with great attention focused on 

factors such as the type of survey monument, the 

positioning and spacing of the stations, monitor-

ing intervals, etc. Such a comprehensive inves-

tigat.lon would enable the subsidence investiga-
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tors to conduct the type of analyses desired and 

record the factors affecting ground movements. 

Vertical displace-

ment of the ground surface is the most commonly 

monitored subsidence parameter. However, it has 

been established that the horizontal displace-

ment, i.e. the strain induced by subsidence, is 

the factor which mostly causes damage to surface 

structures. Only two subsidence studies found in 

literature had monitored the horizontal displac-

ments caused by mining. One of the case studies 

gathered for this research had also monitored the 

horizontal surface movements. Because this is 

the main subsidence characteristic associated 

with structural damage, greater efforts should be 

directed towards additional information. Analy-

ses of this phenomenor. would enable the develop-

ment of better guidelines for the prediction and 

control of structural damage above coal mine op-

erations. 
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Finally, surface subsidence is an inevitable con-

sequence of underground coal mining. Although it cannot be 

prevented, at least under the existing technological and ec-

onomical conditions, it can be controlled within acceptable 

environmental levels--if an accurate method of prediction is 

available. The research presented in this thesis could 

greatly facilitate the realization of this objective. 
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COt.:.f:Ci: r)f E:--.:C:~-a~ERING 

V!RGlNIA POLYTECHNIC INSTITUTE :\ND ST:\ TE UNIVERSITY 

As you kno~ c..-:iny :::etho<ls ha·1e been used to .predict: surface subsidence. 

The mai:t problem wi. t!1 :nos:: of these techniques is t~ac they are generalized 

and ignore regional geological variations. 0<1= ap?roach is basical~y an 

c::ipiric.al one and ou:: effort: is concen::-:ated. ia co::l;>ili:ig ~ :>=-ocessi~g and 

~egiona.lizinb avail~blc subsidence daca pe=cai~ing to long~all, as ~ell as 

raom-a~d-pillar ~ining. ~e fi::1:1.ly belie~e i~ a reg~onali=ed or even a 

sub-=egionali=ed s~bsidenc.c character!:ation and, as a ~e5ulc, ~e plan co 

?recess the dat.:t not only accordir!g to mining variabJ..es bat also taking 

into account t~e gealogica~ enviror.rnent. Our cp~i=u: goal is to present 

the :nining ind use ry ·..tith uea!;y ::o follow" g·.! idel!.:-.es 'C(q;!:lrdi:i~ :;ubsidence, 

in c.he ~or.:i of si.~pli.! tables and c!1arts anC:. .:~rt~e::-::-.o:-e. t; establish. :~1is 

infor-atic.a acco=ding to ::-egio':lal and suh-regivnal t'!:'l!~cis. 

As you can appreciace, our approach depe~ds a ~reat deal on c~e 

a:i:onnt and quali :y of the colle:::ed dat;;.. in or de:: :::o ~pler.i<?ct this, we 

have al::eady collec:ed :os~ infor:::.ation "'hich is available in ::he :icera-

ture and in addicion, ~e are in the process ot ~on:acting Eede~al agencies 

and the ::iinin~ ind us try ~or any unpublished infor:na:ion "'hich is not availa-

ble ::hrough publi::acions and re;>or::s. A.-i:: such i.nfor.na::ion ior-.1arc!etl ::o us 

~i:l, o: course, be treated confidentially. 7h~ basic ?3~a:ecers r.eeded 

s..:.~·.:er~ly y::.n..:.:.-s. 

c. c. !l. 1-'<:!bb 
T. ·~ri,,lcc ~ 

att.J.chmcn:: 
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SUBSIDENCE INFORMATION 

I. Topography of the area 
II. Approxi:nate geologic colUIVn of the mining section 

III. ~~ne layout 
A. Di;:i, depth, and thickness of the seam, 
B. Mine oaps, 
C. Maps indicating locations of 

measure~eut stations, 
IV. Subsidence data 

A. Subsidence readings, 
B. Face advance relative to subsidence 

readi0gs (if available), 
C. Duration of subsidence ~easure~ents 
D. Any irregularities observed during 

subsicence weasure~encs. 
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DESCRIPTION OF THE COMPUTER PROGRAM 

\VI TH SAMPLE OUTPUT 

A computer program was designed to provide plots of the predicted 

subsidence profiles. Although Figures 4.3.,7 and 4.3.3 include the ac-.. 

tual field subsidence profiles, the computer will only plot the predicted 

contour. 

INPUT VARIABLES: A data set is composed of only one card. This 

card contains the observation number, the width of the excavation, the 

depth of the excavation, the seam thickness, the percentage of ha r-

drock in· the overburden, the width-to-depth ratio, the pr·edicted dis-

tance from the center of the panel to the inflection point (obtained from 

Figure Cl), and the predicted maximum subsidence value (obtained from 

Figure 4.3. 6). These variables are abbreviated in the following man-

ner: 

OBS-Observation number 

W-Width of the panel 

H-Depth of the panel 

M-Seam Thickness 

HARD-Percent of Har·drock 

WH-Width-to-depth ratio 

BHAT-Predicted distance from centerline to inflection 
~)oi.:-it 
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SMAXHA T-Predicted maximum subsidence 

OUTPUT VARIABLE: The output variables include the observation ----
number, the horizontal distance from the centeriine at which the subsi-

cence was predicted, and the predicted subsidence value. These vari-

ables are designated as follows: 

OBS-Observation number 

X-Horizont2I distance from the centerline SHAT--Predicted subsidence 

value 

A brief summary of the computer program is presented on the next 

page. This is followed by two pages of sample output and a predicted 

contour, as plotted by the Virginia Tech CALCOMP plotter. 
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A STUDY OF LONGWALL SUBSIDENCE IN THE APPALACHIAN 
COALFIELD 

by 

Boneva Webb 

(/\BSTRACT) 

Surface subsidence is an inevitable consequence of most underground 

coal mining. The United States Bureau of Mines has estimated that over 

3 ,000 square miles of land in this country have been affected by subsi-

dence, and it is currer:tly estimated that an additional 2,400 to 3,800 

square miles will be affected over the next twenty years. 

Surface subsidence is a complex phenomenon which is influenced by 

many variables related to both mining and site conditions. Although it 

cannot be prevented, foreigh experience has shown that it, nevertheless, 

can be controlled. In order to achieve this goal, however, methods of 

subsidence prediction and control must be developed for the United States 

mining conditions and justified with empirical data. 

The objective of this research is to develop characteristic relation-

ships of longwall subsidence and its related parameters from case studies 

gathered from the Appalachian coalfi~lds. Furthermore, based on this 

information, an empirical, predictive capability will be developed which 

can be used to provide accurate and reliable predictions of subsidence in 

this region. 
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