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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 an adverse affect
upon property in about 30 states (Sincgh, 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 subsidence, with an addi-
tional 1.5 to 2.4 million acres projected to become similar-
ly damaged over the next 20 vears (O'Rourke and Turner,
1981). In order to contrecl this problem, the Surface Mining
Reclaimation and Contrel Act of 1977 has mandated that a
subsidence plan be incorporated into every coal mine design
(Office of Surface Mining, 1979). This action was taken in
order to achieve the following objectives: (a) "to prevent
subsidence from causing material damage or lessening the
value or reasonably forseeable use cf the surface," (b) "to

mitigate the effects of any material damage or diminution of



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

degree of material damage or diminution of wvalue cor forsee-

able use of the surfaca"

(Office of Surface Mining, 1¢79).

Subsidence control is feasible within acceptable envi-
ronmental levels given an accurate and practical method of
subsidence prediction. The f=2&sibility of subsidence con-
trol has been clearly denonstratad in many foreign coal-
fields, particularly in Europe where suriace displacements
can be predicted to a suggested accuracy o¢i better than +20
percent.

In this country subsidernce is rapidly gaining emphasis
as an important 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 1s far from approaching maturity. It 1s necessary,
therefore, to deveiop and aprly prediction methods capable
of providing mining operators accurate and flexible estima-
tions of mining subsidence.

One limitation tc the developmznt of subsidence theo-
ries and prediction methods in this country is the lack of
an approvriate data bank. Such an accumulaticn cof subsi-
dence dazta 1is necessary to establish regional subsidence
characteristics and to validate the applicability of <the

various prediction methods.
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During this research, a ccmpreiiensive effcrt 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
ccllection of information pertaining to 34 longwall penels
in Appalachia. The subsidence data were processed and ana-
lvzed 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 1

LITERATURE REVIEW

1.1 Subksidence Characteristics Over Longwall Panels

Although longwalls contribute to only a small per-
centage of the total Urited States c¢oal production, this
mining methocd has significantly increased in popularity
since 19€9 and continues to grow steadily (Von Schonfeldt et
al, 1930). 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 ccal 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, i1s termed packing or
stowing.

Because a large tabular section of material is excavat-
ed during longwall mninirg, the resulting surface displace-
ments are generally greater than thcse obtained with the
room~- and-pillar method of mininc. The factors contributing
to total subsidence, and the gsneral shape assumed by the
surface displacements overlying a longwall panel, have long

been areas of interest foir subsidence investigators.

4
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- Trough Theory: One hypothesis introduced early in

the 1900s and still widely accepted today 1is the trough
theory of subsidence (Peng, 1978). By analyzing surface and
underground measurements from European case studies, Dunrud
(1976) revealed that surface displacements affect an area
larger or smaller than the area extracted. Lehmann (1919)
cbserved 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 ccal dis-
tricts (cited in 2Zwartendvk, 1971, opp. 85—é6). Pased 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 c¢f the displacement decreasing ocutward
from the central point (Peng, 1978).

The angle of inclination between the edge of the
workings and the lateral limit of subsidence at the surface
has been termed the limit angle, cr angle of draw. For Eu-
ropean case studies, the limit angle is normally measured
from the horizontel, and for mines in the United States and
the United Kingdom, it is normally measured from the verti-
cal. The angle measured from <the horizontal, between the

edge of the excavation ard the roint of maximum tension, is
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commonly known as the break or fracture angle (Singh et al,
1976). The value of this angle 1is generally larger than
that observed for the limit angle. Figure 1.1.3 illustrates
the location of the angle c¢f draw.

Brauner (1973) described the limit angle to be ir-
dicative of "the 1limit of movements causing damages to
structures, the limit of measurable movements, or the begin-
ning of zero movement." He also suggested that the angle of
draw is not an absolute rock characteristic, and neither
does it qualify as a material parameter since it does not
meet the elementary requirements of measurability and sole
material-cdependence. The limit anglse has been found to vary
with the thickness of the material removed, increasing with
the volume of material excavated. It i3 difficult to assign
a numerical value to the limit angle because determination
of the exact location of a zero guantity at the surface 1is
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 2.1.4 illustrates
the interpolated point of zero movement found with this type
of analvsis.

The fracture plane associated with the angle of
break appears directlv after active surface subsidence and

remains fairly egual in orientation thereafter. As shown in
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Figure 1.31.5, this direction is generally towards the gocaf.
Because of limited laboratory observation and field measure-
ments, information remains relatively scarce about the break
angle (Singh et al, 1976). Pre-determination of this subsi-
dence parameter would be particularly beneficial for coal
mines in the +vicinity of rivers, reservoirs, or surface

structures.

- Caving: DMovements of the overburden initiate £from
the immediate roof bed and progress upward, thus causinc the
strata above the opening to break and cave in (Singh =2t al,
1976). The zone of failure usually occurs in the shape of a
dome, with the maximum height renging from 30 to 50 times
the height extracted (Peng and Cheng, 1980). Arcve this
broken area the stiata remains intact and will sag in a man-
nexr similar to that of a continuous keam. The sagging stra-
za will eventually generate a trough-shaped subsidence pro-
file. VWhen the depth of the seam being mined is less than
the height of the caved dome, a2 sink hole or holes will ap-
pear at <the surface, without the formation of a trcugh.
This phenomenon, often observed in shalliow mines, should be
congidared during th2 analysis cf field data; otherwise, the

value of the maximum subsidence may appear to be distorted.
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- Mcdes of Displacement: Feour modes of displacement
possess the potential to cause surface and structural dam-
age: {a) wvertical displacement, (b) horizontal displace-
ment, (c¢) tilt, and (d) curvature. Each of these forms of
surface settlement may be explained from the concept of
trough-shaped displacements (Dunrud, 1976). Observation of
the displacement basin wiil show the rate of change of ver-
tical settlement to approach maximum £rom the limit angle
inward, and then approach zero in the midspan of the trough.

A subsidence trough generally forms with an outer zone
of horizontal tensile strain surrounding an inner zone of
horizontal compressive strain. If the maximum subsidence of
the trough is critical, then the area surrounding this point
becomes the third (and lowest) =zone, where no horizontal
strain exists (Panek, 1970). As the subsidence basin
spreads outward with increasing extraction, surface struc-
tures zbove the panel are first subjected to a pulling and
then to 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 tc a tensile strain, it is
also exposed to an increasing tilt due to the slope of the
ground surface.

Upward heaving or flexing 1is experienced by a structure

as a result of curvature of the cgrourd surface. An opposite
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E. Road in compression zone, Asphalt has buckled

C. Brick house in tension zone. Walls, ceilings, and floors have cracked.
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type of effa2ct occurs when the stiucture 1is sunhjected to
compressive strain. If a puilding settles uniformly, i.e.
the vertical displacements vary uniformly along the subsi-
dence trouglh, little damage will result. However, vertical
settlements have been found to alter the grades of highways
or railroad beds, to affact the flow of creeks and pipeline
fluids, or to cause other complications (Panek, 1970).

Horizontal strains cause 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 horizontal strains. The height of a building deter-
mines the extent of the resulting camage, with taller struc-
tures subject to more damage.

The instebility of fall structures can generally be
traced to the tilt c¢f the ground surface. This type of de-
formation maey cause heavy equipment to operate improperly or
may interfere with the flow or drainage of materials from

surface structures.



1.2 Factors Influencing Subsidence

Theoretically, a finite amount of subsidence may
occur for a particular area of extraction. The maximum pos-
zible amount of surface settlement for an opening depends on
several complexly associated =lements that are often diffi-
cult to interpret. Although it is not easy to classify all
0of these parameters, most cf them can be broadly categorized

under one of the following headings:
-width and depth of the panel
-thickness cf the extraction
-inclination of the seam
-method of extraction
-method and type of support utilized
~-rate cof advance or extraction
-influence of adjacent workings
~-water-bearing strata
~topography

r

1)
ct

tigraphy,

2
ct

-geoicgy {(includes lithology,

etc.)



Shadbolt and Mabe (1%€63) classified these factors
into three broad categories: (a) mining factors, (b) site
facters, and (c) time factors. Whenever structural damage
is involved, a fourth category, termed structural factors,
should be incorporated into the subsidence analysis. Each
of the parameters comprising these categories are described
in the following sections. Beifore a thorough subsidence an-
laysis 1is performed, it is necessary to understand the ex-
tent and influence of each of these elements on the surface

displacements.

1.2.1 Mining Factors

Mining factors were the first subsidence parameters to
be investigated because subsidence was initially considered
to be only a functicn of the geometry of the excavation.
British engineers develcped a predictive method for dis-
placement bused on the input of geometrical parameters of

the panel, such as width, height, and depth of the opening.

- Width and Depth : Three terms are commonly
used to relate the width cf an excavaticn to the

amount of subsidence at the surface: critical,
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sub-critical and super-critical widths. The maxi-
mum subsidence possible for an opening will not be
achieved unless 1t 1s of critical dimensions. A
critical profile is defined to possess maximum
subsidence at one point--generally the central
point. A subcritical profile exists when the pan-
el width 1s not sufficient to produce full subsi-
dence, and a supercritical procfile 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-depth ratio of the
panel is equal to or greater than twice the tan-
the limit angle. It is therefore neces-
sary to correct panel dimensions to critical be-
fore a common basis may be established from which
statistical analyses of subsidence case studies

may be possible. The NCB (British National Coal



Board) has developed critical correction curves
for their native mining conditions, which are in-

cluded in the Subsidence Engineers' Handbook (NCB,

1975).

A subsidence curve 1is convex to a certain
point and then it becomes concave. The location
of the transition point is known as the pcint of
inflecticn and has a subsidence value ecguivalent
to half the maximum subsidence for that particular
profile (NCB, 1975). The greater the curvature of
the profile, the more pronounced will be the re-
sulting damage to surface structures (Holland,
1873).

Various studies have been conducted to deter-
mine the eifect of the panel width-to-depth ratio
on the inflection pcint of the profile. The
transition point 1is generally 1located over the
solid coal when the extraction width is subcriti-
cal and over the gob when the panel 1is either
critical or supercritical. The British found that
for width-to-depth ratios of 0.25 cr less, the
transition point was lccated over the rib, whereas
for width-tc-depth ratios of 0.4, the inflecticn

coincided with ihe ribsides. The larger ratios of
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more than 1.4 possessed inflection points well ir-
side the gob, corresponding to large degrees of
curvature (NCB, 1975). However, exceptions were
found with panels of small width-to-depth ratios
and large 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 relaticonship between the inflec-
tion point and the width-to-depth ratio of a pan-

el.

- Seam Thickness: While analyzing the works

of Briggs and Menzel, Orchard (1557) found that a
direct relationship between subsidence and depth
is extremely variable, and that the amount of sur-
face settlement is influenced by the extracticn
thickness and width-to-depth ratio of the panel.
This relationship defines the full surface settle-

ment for a critical panel to be:

Sinax = m . a
where,
m = seam thickress

a = subsidence factor
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Table I contains the average subsidence
factors observed for several continents. This
chart, compiled by Brauner (1973), iliustrates the
effect of the mine support system on the surface
settlements. The subsidence factors are shown to
vary between 0.10 and 0.90, with close agreement
demonstrated for all longwall systems (caving).
Salamon (1964) discovered similar results for his
study involving longwall mining, shown in Table
IT.

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. OCnce again, the inhibiting
effect of roof support on subsidence is illustrat-
ed. Appreoximately 50 percent less displacement
will occur at the surface when stowing 1is em-
ployed. This type c¢f support system is particu-
larly effective where shallow workings are in-
volved /VPI, 1981).

Whetton (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 tc produce
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Coalifield Mathod of Packiag Subsidence Tactor
gricish Solid stowing Q.45
Caving G.90
Runhr Pneumatic stowing C.453
(Germaay) Selid szowing Q.50
Cavizng 0.9%0
North aund Hvdraulie staowing 0.25 - 0.35
Pas de Calais Paeumatic stowing 0.45 - 0.55
(France) Caving 0.8 -~ 0.6%0
Upper Silesia Hydrauli~ stowinog 0.12
Caviag 6.70
U.S.S8.2.
Denecs Caving 0.60
Xaraganda Caving 0.7
Caheizbics Caving 2.90
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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 1in a British vwvirgin
coalfield will generally induce maximum subsidence
values of up to 80 percent of the extracted seam

thickness, while workings of subsequent excava-

[ad

ions may produce a total of 90 percent (VPI,
12781). This 1is wusually true for mining pane.is
vihichh have advanced at least 1.4 times the depth
nf the seam, corresponding to an average limit an-
gle cf 35 degrees for the British coalfields. An-
gles ranging from 25-45 degrees have been suggest-
@t for these coalfields by other investigators.
Grchard (1954) antributes these variations in the
limit angle to the strength and hardness of the

imdividual overburdens.

- Seam Inclination: The limits cf subsidence

z2re affected when mining is performed in an in-
<lined seam. The subsidence trough bkecomes dis-

praced toward the deeper edge of the excavation



N
~J

and may become located outside of the dip edge c¢f
the opening {(Peng, 1978). The limit angle will be
smallest at the rise edge of the excavation and
will increase toward the dip edge. The NCB has
developed a graph which may be used to make appro-
priate adjustments to the angle c¢f draw for seams
steeper than 20 degrees (NCB, 1975). Full subsi-
dence will no longer be located at the center of
the opsning, hut will instead be located at a

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

D

inclired 20 degrees or less will cause the profile

P

to be displaced & distance determined by projec-
tion of normals from the seam to the surface. The
effect of a eclightly inclined seam on subsidence
is shown in Figure 1.2.3a.

Bals (1932) suggested the formation of a
dcukle-sided subsidence trough when mining from an
inclined seam and claimed that a correction graph
based on this hypothesis 1s more accurate than
other known methods. HEowever, his theory 1is not
applicable to non-elastic materials, nor is it
stpported by empirical data. The influence of a
steeply inclined seam on subsidence, as seen by

Bals, is shown in Figure 1.2.3Db.
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- Method of Extraction: The method of ex-
traction employed in a mine will influence subsi-
dence because extraction is directly relatea to

the volume of material removed underground. A

n

stated previously, mining methods which utilize
caving, such as the longwall system, induce more
subsidence than other methods. The maximum possi-
ble subsidence in room-and-pillar mining is be-
lieved to be proportional to the percentage of ex-
traction employed above a threshold wvalue, which
has been determined to ke 40 vzrcent for the cen-
tral United Statesg coal fields (O'Rourke and
Turner, 1979).

Several mining methods, cited in litera-
ture, have beea suggested to aid in the reducticn
of subsidence. For mining underneath develcped
areas, a panel anc pillar method was successfully
adopted in the United Kingdom. The pillars were
mined by either longwall or room-and-pillar sys-
tems, with no backfillirng performed in either
case. This mining method was found to be success-
ful in the stratified ircn deposits of the Lor-

raine area of France (Zwartendyk, 1971).



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 ocne seam 1s mined in an orderly fashion.
This method attempted to cancel the final wvertical
and horizontal strains produced from mining by
strains produced from extractions in other areas.
The major limitation was that it coulid only be em-
ployed with special equipment and under cenditions

not usually considered ecconomically 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 nct the amount
of total subsidence (Wardell and Webster, 1957).
High rates of advance can lead tc failure by frac-
ture because of the <time depencdent and elastic
failure mechanisms ¢f intact rocks, whereas slower
rates of advance may permit the occurrence of

creep (Wardell, 1970)

Site Factors
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Geotechnical factors, such as scil 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 magnitude and
development of the surface settlement has been an interest-
ing, and scmewhat 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-bearing overburdens includes layers of sha-
le, sandstone, and freguently limestone. It is difficult to
determine the influence c¢f 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-bearin strata in Eng-
land (Bell, 1975); on the other hand, approximately 70 per-
cent of +the strata cver longwall panels near Wollongong,
Ihustralia are sandstcones (Kapp, 1978). Tables IV and V
present summaries of investigaticons conducted on the effects
of the overlying strata on the measured subsidence and angle

of draw. Stratigraphy 1s not the only controlling geologic

A}

property. The thicknesses of individual beds and their rel-
ative positions ir the overburden, the strengths of the var-

ious rock materials, the bulking factors, and the Dbedding



Table IV.--Lithologies, mining conditions, and measured subsidence (supercritical condition)

{after Abel and Lee, 1980}

tax i moam

subhsidenca

tocation Lithologic percentaqus Hinkng {percaent of
aand i averburdaen Pepth helght Extraction wining
Comndity Shale Sandstone  Limestone {n} {m) {percont) halght) fleforences
Peansylvania cual, a0 22 20 a8 1.2 83 40,8 Greenwald and others {19137},
o= === mm 54 il i 1o 2.1 835 51,5 Hadze and Greeawald (1912},
Bo==—mm e 4 HE % 108 LIS 20 506.0 talze, Thomas, and Greenwald
{1950} .
NGO — e m 99 [§] 1o 162 2.8 83 48.2 Halze, Thamas, and Greenwald
(19414},
D=~ m e e 59 I} L] 21 2.1 45 46,3 Da.
thew HUxLCO coal, 61 3 [ 104 3.0 oo 69,0 Abel and Geatry (1978},
Great Hicitain coasl, 68 32 4] 5319 bot 106 58.4 Sinclaic {1950},
D= = m e e 61 29 @ 193 1.8 100 £§5.2 Do,
Him = m e Y] 36 [} 41 .6 100 84.0 frlggs and Ferguson {1931,
Hew Nexico ucandum, 46 b4 Q- 152 3.8 14 1.0 C. M,. Parclab lwrliten comm,
1979}
Catifornie borate, 17 [} [ 1ia 42.1 140 73.9 Oheri and Long 1196252.
Pennsylvania coal, 4 52 @ 60 i.0 48 57.9 Honkz and Hocris (13130},
Plianeria coat, LR i? 12 530 1.1 100 6%.2 Harbere and Butledge {(3927),
[y S 14 5 i52 2.4 69 j¢.a 2o,
ittsnois shaba, 64 4 32 118 7.5 5 5.2 Abet [1972), Femix and
v Sclsson, Inec, {1972},
Hew Mesieo potash, i (20 sn‘ 08 3.0 235 58.4 MEdier amd Pleraon (5250),

prersent

Salt tam,}

1/Possibly subcritical, but presence of

flat-bottomed subslidence trough iIndicates supevcritical area.
2/Dbolomtie.
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TableV - anglea ot aiaw {from vectical) fnr alpas dn flat-bedded sedlmentary vocks

wlth redpect to lithology of ovechusden(after Abel and lee, 1980).

Refecencau

tocatlon fithologlce pevcenteges in Angle of
and © . __.__overbhurden dyaw
Conmud ey Slu!n‘ Sandstone Llmestone  {dugreas)
tfunnsylvenla coal, 50 22 20 18.0
R i L] 12 9 24.0
P 59 11 10 © a0
Greet hoilaln cool, 12 (3] 4 a.a
Hew nuxico coat, 61 17 0 ts.a
Gruat Betiatn coal, Lo 12 0 17,0
I 63 29 12.¢
Do=—mmmmme o 64 18 0 29.0
Hew ftexico weantun, ue [} ] 0.0
Caliteinls bocate, 17 '] ¢ 8.0 (avg.)
Peonnaylvanta cual, {0 52 0 18.0
india coal. 25 75 [{] 1).0
D= = mmmm e 2 7 ] 21.0
DO m e = 57 43 1] 28.0
R i 3i 6 1.0
o== -~ 15 [ 0 1.0
PO - sm e 35 LY 0 17
Bu==- === - 2) 13 0 17.0
DO == e 12 68 0 2).0
itlinoly coal. IR 1) 12 4.5
Doamm e m e S 18 5 0.0
Aclzona copper, [ 1) oo 12,0

Greanwald and aothevs {1937).

Halzae, Thomaw, and Greenvald (1940).

Halze and Greenwalca {19139).
caglish (194¢ny,
Abel and Geatcy (19783,
Siaclalr (13951},

Na.
fclqgyas and Fecguaon (1931).
c. Ii. Parvlah (uwrltten comaun,,
Obutt and Long (1862} .
Hontz and Horcla (1910},
Kumae 2nd Slagh [1923).

Do,

Do,

Do,

Do,

Do,

ba,
, bo,
imibort and fontloedage (1227).

Do,

Telschha (1334)°

1929).

focltudes all atglllaceouy 1o0cky.

Pavlt buuindad on ati four aldes, Therefore, not employed

In

statlistlcal anaiyals,

£e
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cross-joint frequencies also affect the amount and form of
the subsidence at the surface (Abel and Lee, 13880).

Abel 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 ketween lithology and the angle of draw is difficult
to determine because the percentages of shale, sandstone, or
limestone, when considered singularly, are not g¢good indica-
tors (Abel and Lee, 1280). 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 ccrrelation between
the amcunt of sandstone in the overlying strata and the mag-
nitude of the resulting subsidence factor. They suggested

that the subsidence factor will decrease as the percentage



of sandstone in the overburden increases. The thicker sand-
stcne strata are believed to offer mild resistance to caving
and sag, as shown in Figure 1.2.4, limiting the propagation
of crumbling strata in *“the overburden and alsc reducing the
amount of surface settlement (Peng and Cheng, 1$80).

Geology also refers to deformational parameters of

the overlying strata. Crane (1931) found that fault

0]

p
joints, and other planes of weakness have a definite influ-
ence on the angle of dravw, 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 Jnited States, have largely been at-
tributed +to geologic variaticns (Peng and Cheng, 1980}.
Consequently, the subsidence factcrs determined for one mine
may 1ot ke applicable to another, unless the panel dimen-

sions, geology, and other contributing factors are similar.

- Topography: The effect of topography 1 surface
slope on subksidence is a recent area of investigaticon. Sur-

face slope has not been determined to have a significant ef-
fect on zurface settlement in the coalfields of the eastern

United States, but i%f has been suggested toc influence subsi-
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Hechan fums of Roof Caving Leading to Surface Subsldence

2.4

1.

Figuce

1980) .,

(Peuy and Cheng,



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 tc steep hills of northern Appalachia.
One case study involved a surface slope which varied from O
to 35 percent along the mining panel and included subsidence
measurements at various points from the center. The majori-
ty of the data collected indicated that changes in surface
topography had littlie, if any, effect on the resulting sur-
face displilacement.

In another study of the eifect 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 were located in the Pittsburgh coal
seam. The Pennsylvania mine employed a rocm-and-pillar ex-
traction method, while the mine located in West Virginia
utilized a longwall system beneath a wvalley floor, which
stretched obliquely tc the panel centerline. The subsidence
contours of the West Virginia longwall mine are shown in
Figure 1.2.5. These results were obtained from analysis of
field data cobtained from surveys performed for a period of
menths. Indications were that the subsidance was formed es-
sentially symmetric to mining activity and was primarily af-

fected by mining geometry, regardless of the irregular to-
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pography. The surface slope was determined to not influence
the forﬁation of subsidence, except for a steep slope, which
was found to affect the surface settlement. However, this
influence was attributed to the depth ¢f the sear, not to
the variation in surface topography.

Gentry and Abel (1978) observed the surface displace-
ments above a super-critical longwall panel in New Mexico,
with kncwn rapid tcepographic variation along the panel cen-
terline. The coal seam being mined was approximately 9 feet
thickz with the overburden primarily consisting of sandstcne,
siltstone, and shale layers. The researchers suggested that
topography significantly influenced the magnitude and dis-
tribution of the mining-induced surface displacements (Abel
and Lee, 1980). The amount and type o¢f vegetation at the
‘surface 1is also taought to alter the subsidence, i.e., the
desert ground may beccme disturbed from a slight underground
movemart, whereas an area with dense vegetation would be

more stable--even in a steep terrain.

1.2.3 Time Factors
The 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 mcvement 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 fcr 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 tc
approximately three-quarters of <the depth (0.75h) from P,
the subsidence first becomes measurable. Active subsidence

of the surface point is more than S5 percent complete when

the face has gone a distance of about 0.70h beyond it. Most
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of the saettlement occurs within this c¢ritical distance;
therefore, very little residual subsidence results, with the
maximum being about 9 percent of the total. The active sub-
sidence 1s almost complete after the face has advanced a
distance approximately equal to the limit ang¢le beyond the
surface point, while the maximum time-dependent subsidence
typicelly appears a: the point of half maximum displacement
(NCB, 1975;. Figure 1.2.7 1illustrates the active and time-
dependent subsidence, again for United Xingdcocm mining condi-
tions.

As the mining face leaves the influence area of =a
surface point, further ground novements are believed to oc-
cur due to complex time-dependent stress redistribution pro-
cesses 1in the overlving rocks (Orchard and Allen, 1S574).
Several studies have shown that the presence of thick compe-
tent beds in the overburden will cause delayed subsidence.

Gradual lowering of the overlving rock mass is interrelated

with the occurrence of weak Pbeds wnile viclent, and often
delayed, faillure 1s associated with the sudden collapse of
strong roof rocks (Feng and Cheng, 1980). Pigget and Eynon
(1977) suggested that the presence of one competent rock
layer in the overburdsn, with a thickness of at least 1.75
times the opening width, delays or prevents subbsidence 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 transferred over the solid
rib. Figure 1.2.8 illustrates this concept 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 ta a structure is dependent
on the building's inherent strencths and weaknesses (VPI,
1681). 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 mnaterials composing the struc-
ture, (c) how well the materials used in construction were
prepared, (d) the design of the foundaticn, and (e) the age
or state of maintenance.

The severity of structural damage 1is directly re-

lated to its design ancd ccmposition; therefore, general pre-



dictive solutions are possiple (Voight and Parisenu, 1?70).
The NCB has developed a classiﬁication scheme for subsidence
damage based on the length of the structure. Japanese and
Polish workers have devised limiting values of strairns which
various structural designs may withstand (Goto, 1978, and
Klemencsics, 1962). Table VI illustrates several limiting

values of settlement for structural damadge.
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TABLE VI

(NCB, 1975)
National Ccal Board Classification of Subsicdence Damage

Change of
Length of
Structure

Class of
Oamage

Oescription ot Typical Damage

UptoCO03m

0.03m-006m

0I6m-012m

o
to
3
|
o
w

N

w)

§a

=

. Very slight

or
negligitle

. Siight

. Anpreciable

. Severe

Very cevare

Fair cracks in plaster Perhaps isolated
slight fracture in the buiiding, nct vicitle
on outside.

Several slight fractures showing inside the
building. Doors and windows may stick
sligntly. Repairs to deccraticn prodably
necassary.

Siight fraciure showing cn cutside of
building (orone main fracture). Coors ara
windows Ssicking; service piges may
fracture.

Service pices cisrupted. Cpen fraciures
requiring rabonding and allcwing weather
intc the struciure. Window ang dJoor
frames Jdistorted; flocrs slcsing notice-
ably ; walls ieaning cr tulging ncuicezbly.
Some loss of beanng in Seams. {i com-
pressive damage. overtapoing of roof
joints and ifting of cackwerk with open
~cnzoniel fréctures.

~3 above, tut werse, 3nd rsguinng carueal
cr complete rebuiicing. ~qef and iicor
bezms lose besnng and nead snonng ur.

‘Windows broken with distortion. Severe
sicces on {loors. if comoressive damaqge.
severe buckiing and oulging of the <co!

and walis.
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1.3 Early Subsidence Theories

Establisaing correlaticns between displacement phe-
nomena which occur underground and at the surface, as well
as interpreting 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 o the machanism of ground
movement, as 1t progresses from the excavation through the
superincumbent strata to the surface, 1s necessary.

The first subsidence theories were develcped primarily
on experience, intuition, or on field observations of sur-
face cracks, rather than on the mechanics of deformable bod-

ies (Voight and Pariseau, 1970). Crond (1952) has broadly

classified these earlier ideas into three categories:

1. B3eam or Plate Theories
2. Arch or Dome Theories

3. Plastic and Pseudc-plastic Analyses
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1.3.1 Bean or Plate Theories

The early theories of subsidence, as summarized by
Adler and Sun (1976), assume the fractures to be vertical
extensions to the surface from the riksides of the opening
as shown in Figure 1.3.la. Althcugh subsidence was recog-
nized in Britain as early as the 15th century (Shadbolt,
1978), Belgian engineers first attempted to analyze the
problem during the 1800s. Gonot (1858, 1871) defined the
fractures to be normal extensions from the seamn gradient.
Fowever, his hypothesis did not account for either steeply
inclined seams c¢r the angle of draw. Shultz (1867) and
Sparre (1867) later suggested the breakage plane to be
formed entirely by Jravitational effects, with the limits of
subsidence varving betwzen the vertical and normal, depend-
ing on the overlying indicator of the mode cf failure (Good-
man, 1980). The latter twce hypotheses are illustrated in
Figures 1.3.1b and 1.3.1lc.

The so-called beam thecries of subsidence were suggest-
ed from studies performed by Halbaum (1905), Thiriart
(1912), and Eckardt (1914) (gquoted from Grond, 1953). The
overburden was considered to behave as a beam (either simple
or composite) which would eventually Yend as a cantilever
over the gob and ultimately fail, thereafrer progressing

through the overlying strata leaving crumbling beds in its
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path (VPI, 1881). Afterwards, some degree of reconsolida-

tion was believed to cccur behind the face.

1.3.2 Arch or Dome Theories '

The dome theory, illustrated in Figure 1.3.2a, was pro-
pcsed by Rhiza (1882) to improve the earlier hypotheses. He
assumed that displacements formed beyond the excavated area,
with failure occuring in a parabolic shape after gravita-
tional forces overcame cchesive forces in the 1immediate
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). Faycl (1885) later modified this
theory by concluding that a semi-ellipsoidal dome was formed
by the caving of horizontal beds (Adler and Sun, 197¢€).

This concept is illustrated in Figure 1.3.2b.

1.3.3 Plastic and Pseudo-plastic Theories

A plastic or pseudo-plastic flow of strata into
the gob, resulting from movements of the surrounding mass
upwards, was another early hypothesis. Trempeter investi-
gated this flow of strate and was probably the first engi-

neer to describe the associztive phenomenon of horizontal
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displacements (quoted from Grond, 1953). Consequently, the
term "Trompeter Zone" is commonly found in subsidence liter-
ature and is often used to define the limit of the zone of

convergence.

1.4 Contemporary Subsidence Theories

Early subsidence studies were primarily concerned
with defining basic principles and attempting to understand
the mechanisms involved. Contemporary 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, 1878). Furthermore,
subsidence may form in discontinuous steps, making the phe-
nomenon even more difficult 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 settlement.

Voight and Pariseau (1970) have divided the wvarious ap-
proaches used to predict subsidernce into two broad catego-
ries, the empirical and the phenomenological. Singh (1978)

suggested that, for most ergineering applications and for
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flat seams, the empirical azpproach may provide sufficiently
reliable predictions when applied to the same region. The
phenomenoloc¢ical procedures, on the other hand, had varying
degrees of success. A detailed classification of these sub-

sidence models is given in Table VII.

1.4.1 Phenomenological Approach
The phenomenological approach was described by Voight
and Pariseau (1970), as a process in which "the ground sur-
rounding the excavation 1s replaced mathematically by an
idealized material that deforms in accordance with the prin-
ciples of continuum mechanics." Studies which utilize this
approach are not as numerous as the empirical methods, and
they often invoive detailed mathematical derivations which
lack exact descriptions of the 1idealized displacements
{Singh, 1978).
Continuous theories assume the ground to behave as
a continuous medium on the basis of traditional mathematical
models of solids, i.e. the elastic, plastic, visccelastic,
and elastoplastic idealizations (VPI, 1981). Research 1is
also currently being conducted on an elastic-plastic analy-
sis of subsidence. The primary advantage of methods employ-
ing the principles of continuum mechanics is their wide ap-

plicability.



TABLE VII

Classification of Subsidence Prediction Methods

(Singh, 1978)
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(i) Elastic Solutions: Hackett (13959, 1964)

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 wvertical and horizcntal direct
stresses being equal (Gecodman, 1980). The surface
displacements calculated by Hackett provided a
good correlation with field-measured displace-
ments.

Other analyses have included idealizations of
two~-dimensional homogeneous, isotropic, tran-
sversely isotropic, and and three-dimensicnal me-
dia (Berry and Sales, 1961, 1962, 1963). Each of
these treatments was performed for three cases of
the floor and roof closure, including nonclosure,
where the two never meet; partial closure; and
complete closure, where the roof and floor remain
in contact over the entire width of excavation.
Approxim:ite solutions were found for assumptions
of nonclosure and partial ciosure in a semi-infi-
nite medium, and ar: exact solution was possible
for complete closure (Voight and Pariseau, 1970).
Subsidence determined Dby the isotropic medium

idealization deviated considerably from the actual



field data; however, reasonable agreement was
achieved for complete closure and field measure-
ments (VPI, 1981).

Salamon (1964) and Jones and Bellamy
(1973) also performed subsidence 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 conditions similar to the
deep hard rock mines of Scuth Africa.

By utilizing the Fourier series, Voight and
Samuelson (1969) developed a solution, based on
plane strain, for homecgeneous linsar-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 estimated by using delayed elastic con-
stants. Berry and Marshall (1969) and Imam (1965)
attempted to include time as a variable in their
description of mine subsidence by using the Cauchy

integral thecrem. Thecretical predictions based
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on four parameter model representations were found
to agree closely with subsidence observations in

the British ccalfields.

(iii) Plastic and Elastic-Plastic Solutions:

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 (197C) 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 phenomenoleogical 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, and tc
apply the finite element method as a predictive tool. Fi-

nite element solutions of elastic models presently indicate



the effects of inclined layers and topographic variations on
subsidence (Voight and Pariseau, 1970). However, the com-
plex mathematical procedures, the lack of empirical justifi-
cation, and the oversimplified assumptions required have, in

general, seriously limited th2 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 relative ease of application.

(i) Stochastic Media: Several i1investigators

have attempted to define the fundamental relation-
ships of subsidence by investigating the mechanism
of failure as it progresses from the gcb to the
surface (Goodman, 1980). A variety cf modeling
materials have been employed for this purpose, in-
cluding: solidified gelatin (King and Whetton,
1957), partially elastic material (Hoffman, 1964),
sand (Pariseau and Dahl, 1968), stratified sand

(Litwiniszyn, 1964; Bodziony, 19€0), granulated
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metal (Shalaghincyr, 1963}, and oranulated glass
(Martos, 1966). Other tests have included a pho-
toelastic model constructed by Rankilor (1971) and
a laser hologrephic 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, 19880). These methods

:

have limited practical eappliicztions, however, be-

D

cause of the problem of realistic representation
between model and prototype, thus making guantita-
tive results difficult to obtain (Gray et =&al,

1976) .

(ii) Profile and Influence Functions: A sub-

sidence profile function has been describked by
Brauner (1978) to be:

.an eguation of one-~hzlf the sub-
sidence precfile, ranging from full sub-
sidence to zero subsidence. The subesi-
dence 1is expressed in terms of full
subsidenrce and the lccation of the pro-
file points in terms of extraction depth
or a proporticnal quantity. Ia case of
supercritical extraction, the central
region of the trcugh has the constant
subsidence Smax. In case of subcritical
extraction, the particular subcritical
profile is determined from the critical
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profile Dby using certain enpirical

and/or mathematical relations. The

method is normally restricted to rectan-
gular extraction areas n which the pro-

file coincides with the centerline.

A variety of profile functions have been de-
veloped for <the 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 thecoretical investigations, have also
been suggested to describe subsidence (Brauner,
1973).

The profile functions most commonly used
are the error integral form, emploved with good
success 1in Poland, and the trigonometric form
well-utilized in the Russian coal fields (Munson
and Eichfeld, 1980). Profile functions are com-
monly expressed as a function of the follewing pa-

rameters:

S(x) = £ (B,s,Smax,d).

From Figure 1.4.1, B is shown to be one-half the
critical radius, Smax is the full subsidence and d
is the langth Lketween the point of half-maximum

subsidence and the ribside. The subsidence 1is



Figure 1.4.1 Subsidence Profile FMumnction

(after Brawmer, 1972).
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generally expressed in terms of meximum settlement
and the location of the profile points in terms of
the extracticn 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 cone
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.:

The complete area under the curve, as illustrated
in Figure 1.4.2, represents the value of Smax.
The influence function methods have been de-

veloped primarily for the Central European coal
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fields, with the original work being accredited to
German and Dutch engineers. These eguations have

been developed from experience in certain area

143}

and/or from mathematical consideraticns. Brauner
(1973) has described six of these functions and
menticned that others have been cited in litera-
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 systen
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 zones provided a lower accuracy
and more than seven increased the necessary compu-
tations (Goodman, 19E0Q0). The area of influence
for a surface point, P, is defined as a circular
zone with radius 0.7 times the depth of the seam,
as illustrated in Figure 1.4.3. This radius wszs
established for British conditions with an 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 respective ring
factor. This procedure is continued for each ring
and the resulting values are sunmed to provide the
full subsidence.

By utilizing this system of 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 11
DEVELOPING A SUBSIDENCE PREDICTION PLAN FOR U.S.
MINING CONDITIONS

2.1 Selection of Prediction Method

A1l methods of subsidence prediction present certain
advantages and disadvantages. DModels employing the phenome-
nolcgical approach have often proven to be difficult to ap-
ply in practice and require many assumptions and input pa-
rameters Dbefore <tThey can be employed with any degree of
accuracy. Empirical methods are generally more indicative
of actual field data, but only fcr specific areas. The me-
chanical similitude reguired Zor stochastic models is the
major drawback of this approacnh. Profile functions are ex-
pected to produce fairly accurate results for geometrically
simple problems, but extension to more complex situations
does not usually provide accurate results. Brauner (1973)
has suggested that profile functions are capable of handling
only three-dimensional problems to a limited extent, with
further mathematical analysis often required. Influence
functions have provided a bzasis for the zone area systen,
which is a subsidence vrediction method adaptable to comput-
er prcgramming. However, <this system was originally devel-
oped from information pertaining to the Midlands and York-

shire Coal Fields of the United ¥inagdom (Marr, 1975).
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ther disadvantages encountered with the use of
profile functions are: (aY it is nct necessary to extrapo-
late from previous subsidence data in any given area of ap-
plication, i.e., the previous data must describe quantita-
tively 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 agquifers (U.S. Dept of Energy, 1979).

The Subsidence Engineers' Handbook, compiled by the

British National Coal Board, was developed on the principles
of influence functions. Over 157 case studies of wvarious
dimensions were collected from the British coal fields to
analyze subsidence. The handbook presents the results of
these analyses in a series of graﬁhs which are used to pre-
dict a subsidence profile by input of geometrical parameters
of the panel. Because of the relative ease cf its applica-
tion, the handbook 1s widely used in the United States to
predict the magnitude and extent of subsidence damage. How-
ever, such graphical procedures have resulted in overpredic-
ticns of both the maximum subsidence and its limits (Gentry
and Abel, 1978; Gocdman, 198Q0). 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.



Compared to Britain, very little subsidence information
has been collected in the U.S. Sﬁbsidence 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 wvali-
dating methods (Imam, 1965; Dahl, et al, 1971, 1973, 1974).
In addition, several coal companies were then in the process
¥ monitoring surface displacements. The latter studies are
mostly unpublished.

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 Maver,

|-
O

79). Case studies were gathered from longwall panels in
Iilinois (Conroy, 1979), West Virginia (Kchli et al, 1980),
Ohio (Peng et al, 1¢80), and New Mexico (Gentry et al,
1978). These studies attempted <toc correlate subsidence
characteristics with data from other pzanels, but the results

have not yet been fully evaluated (Gocdman, 19S80).



During this research, an effort was wundertaken to
accumulate published as well as unpublished information on
subsidence in this country and to establish a subsidence
data bank. Furthermore, it was decided that the development
of an empilrical prediction approach, similar to the British
but based on the information from own domestic conditions,

could prove invaluable to coal coperators.
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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 O'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 1Illinois 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 1li-
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 tec 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 1is 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 1lithology are guite
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 of 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 ncrmal amounts of displacement and have not
adversely affected the immediate roof. Two primary fault

ocrientations were discovered.

2.2.3 In-Situ Stresses
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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 wvalue is not fully compatible with the
geologic history of the region {0O'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 Mesoczoic 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 reportedly caused rock failures of the immediate roof,
as well as floor heave problems, for many of the mines in

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

2.2.4 Topography



30

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 1llinois Basin range from flat-lying to roll-
ing (O'Rcurke 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-
nols 1is usually more than 50 feet. The surface slope of the
Alilegheny Plateau varies from extremely mountainous to undu-
lating, with the relief above a longwall panel commonly var-
ying by as much as 200 feet (O'Rourke and Turner, 1979).
The York Canyon Mine has a rapid topographic variation
along the panel's centerline. The slope in this area 1is
very steep, and the terrain is rough and mountainous (Gentry

and Abel, 1978).

2.3 Procegures

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. To implement this, many coal companies
and federal agencies 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 1s comprised 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 II1I

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.
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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 ncrthern 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 Cld 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
excavation 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, 1t 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 cclumn 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. Descrip-
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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  gocal of measuring subsidence 1is
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 affect 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. Because all of the meas-

urements were taken prior to this 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 gquestion-

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, cr (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 prcfile. Assuming that the long-
wall extaction is of critical dimensions, the maximum subsi-
dence and the limit angle of the pan=l 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 than 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. Therefore, these were the rock types
chosen to study.

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. The sandstone and limestone layers had a
similar effect wupon 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 pcints were large; this was attrib-
uted to the inclusion of subcritical data not representing
the maximum possible subsidence of the panel. Thereafter,
the subcritical data was omitted from the plots and more

statistically conclusive graphs were obtained.
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3.4 Developing the Subsidence Information

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 the be-
ginning of the panel, parallel to the direction of face ad-
vance,and (c) longitudinal profiles at the end of the panel.
Travelling 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 constructiocon
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 subcritical panel
will appear comparatively low. The same reasoning applies
to comparisons made between subsidence wvalues 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 1line 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 ccrresponds to a subsidence factor variation of
9 percent.

Once a panel has undergone critical extraction, the
maximum subsidence will be approximately equal for either a
longitudinal or a transverse profile. This concept 1is
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 wvalue 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 nature, did not always in-

clude the largest displaced values observed above the panel.

- Influence of Adjacent Panels: 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 double 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 monument spac-
ing. To 1illustrate this point, ccnsider <Twc mcnuments, 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 pocint location because 1t was not deter-
mined whether the subsidence ended at a pcint somewhere

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

termine the limit angle of a panel:

-when the =zero point was known, the following
equation was employed,
£9= tan (x / h)
where,
692 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 zerc point was unknown, the transverse
subsidence curve was extended by curve-fitting

procedures and the zero point was interpolated.

- Inflection Point: Investigations were performed

tially to determine if the subsidence profiles of the

studies could ke grouped on a regional geographic basis.

de-



a result of these analyses, the five groups shown in Figures
3.4.4 through 3.4.8 were obtainea. Several of the half pro-
files, which were nearly identical in shape, were omitted
frem the graphs for clarity. Although the curves of Regions
IV and V appeared tc be highly correlated, further analysis
of these curves and those of the other regions, revealed
that the similarities in =shape were due largely to the in-
flection point location, and not the geographical region of

the panel.

The position of %the inflection point is very important
since 1t dictates the shape of the prcfile. Furthermore, as

critical or supercritical conditions are approached, this
point 1s displaced Iurther inside the gob and thus can e
used to differentiate between critical and subcritical ex-
tractions (NCB, 1975). This property was the primary con-
sideration used in this study to facilitate the grouping of
the profiles. Tigure 3.4.S shows ths haelf-subsidence curves
ct critical and supercritical extracticns, and Figure 3.4.10
t.iose of the subcritical extractions. These plots have been
non-dimensionalized by dividing the distance from the cen-

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

maximum subsidence. The 1inflection pcint is seen to be lo-
catel between 0.1 and 0.3 over the cob for the critical pan-

e€ls, and the subsidence first appears at a point located be-

o

tween 0.0 to C.8 from the centerline. The in
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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 relaticnships 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 previocusly discussed.
Table VIII presents the information used to establish the
characteristic subsidence relationships above longwall pan-

els in Appalachia.
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TABLE VIII
SUBSTDENCE DATA OF THE COLLECIED STUDIES
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Chapter 1V

RESULTS

4.1 Mining Factors

The characteristics of the collected panels are summa-
rized in Table VIII. 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 Z15 to 1700 feet and the average extraction thickness
was 5.25 feet. Analysis of the data revealed some charac-

teristic subsidence relationships and trends.

~ Angle of Draw: The angles of draw ranged from 12 to

34 degrees with the exception of cne sinkhole, which caused
no draw. These limit 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 wvalues. While
the NCB data approach a constant limit angle of 35 degrees,
the Appalachian panels appear to reach a constant value at

abcut 28 degrees. The graphs used in the Subsidence Engi-

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 wvolume 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 observad 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 & 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-
tionshipr 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
maximum 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 1in Appalachi« demonstrate consistently 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
(Gocdman, 19€0).

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 has an influence upon the subsidence, in ad-
dition tc the panel geometry. For this reason, the effect
of the overburden stratigraphy on subsidence was investigat-

ed.

4.2 Geologic Factors

The percent of shale, sandstone, and limestone present
in the overburden of each panel was calculated from the col-
lected Arill 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 analysis showed

that increasing anounts 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 this analysis is shown in Figure
4.2.1, which includes the subsidence factors of all case
studigs, including critical and subcritical panels. The
subcritical extractions do not possess maximum subsidence
factors representative of the full subsidence, or maximum
possible subsidence. Consegquently, these values were omit-
ted from the plots of beth rock types in order to eliminate
the panel geometry variance from the analysis. A linear re-
lationszship was obtained from this procedure and is shown in
Figure 4.2.2. In fact, the coefficient of determination is
0.54, anc represents an acceptable fit for this type of
analysis.

The percent of shale and other soft rocks in the over-
burden. were also grouped and plotted against the maximum
subsidence factor. The resulting graph 1s shown in Figure

4.2.3. Because the hardrock and the softrock ccmprising 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 tTrends suggested 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. As expected,
from the comparisons made 1in Figures 4.1.1 and and 4.1.4,
the overestimations are quite significant. It shouid 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 the maximum subsidence factor and the
percent of hardrock in the overburden, 1t is necessary to
incorporate the influence of lithology into a subsidence
prediction plan for Appalachia.

Before an empirical prediction model could be developed
for the Zppalachian Region, it was first necessary to deter-
mine the subsidence profile shape characteristic tc this re-
gion. Because the subsidence profiles are greatly infiu-
enced by the position of the inflection point, it was
necessary to developr a grouping system which is comprised of
comparable subsidence data. In order to accomplish this,
all c¢f the case studies were divided into one of two catege-
ries--critical (which includes supercritical) and subcriti-
cal. The half profiles shown in Figures 3.4.7 and 3.4.8 il-
lustrate the small range of data points which are located in
eachn group, thus indicating that the mean profiie of a group

could be used to provide a fair representation of the
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overall subsidence trend. Therefore, the average or mean
profiles 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 which would describe most appropriately the mean
profiles of each group. More than} 20 empirical formulae
have been developed tc 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 to most accurately describe the subsidence data was a
hyperbolic tangent equation described by Brauner (1973).
This profile function has been suggested from bcecth model and
theoretical invaestigations.

It was convenient to use the different referencing sys-
tem i1llustrated in Figure 4.3.3 to compare the various pro-
file functions (Brauner, 1973). The crigin, or zero point,
of this coordinate system 1is the inflection point and the
variable v 1is the horizontal distance away from 1it. This
distance x 1s expressed in terms of the distance from the
centerline to the inflection point, B.

The subsidence, s, therefore is given by:
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IS == Smax/2 (1 - tanh (cx/B))
where,
Smax = Maximum subsidence

for subcritical

>

c = constant; 1.
panels, and 1.8 for critical
-

or supercritical panels

The value of ¢ was found by inputting the Appalachian field
data into the computer. Figures 4.3.4 and 4.3.5 illustrate
how accurately the hyperbeolic tangent function predicts the
mean subsidence curve of the two groups. The upper and low-
er bounds of the data are also shown.

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-
1ished that subsidence is a functiorn of both the geometry of
the panel and the 1lithology of the overburden. Based on
these relationships, it is obvicus that the subsidence will

tant

1471

reach a certain magnitude and then remain fairly con
for a given width-to-depth ratio and percentage of hardrock,

in a form suggesting an exponential curve. It is also known

[©9]

:

that asymptotic conditions will be met at a hicgher subsi-
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dence value when a smaller percent of hardrock is present in
the overburden. By mathematically combining the eqguatiocns
which describe these relationships, an expression containing
all three variables was determined. The field data were fed
into this equation and a ncnlinear regression computer pro-
gram was used to determine a series of curves. Thus, a
three-dimensicnal 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 range were interpolated
from the equation. This series oI 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-
cence factor is found frcm Figure &.3.6. This value may
then be used in conjunction with the hyperbolic tangent
egquation 4.3.1, <to obtain subsidence wvalues at different
distances, x, from the panel centerline. The result 1s 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 empirical system
can claim a superior accuracy.

A computer program was developed to plot the predicted
subsidence profiles. The input required 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 centerline. A
description of the computer program and a sample output are
included in Appendiz D. Figures 4.3.7 and 4.3.8 illustrate
the accuracy of the predicted profiles as plotted by the
computer. A comparison between the acutal and predicted
subsidence profiles is presented in Appendix E.

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

proach 1s practical as well as reliable. This method 1is



TABLE iX

DETERMINATION OF MAXTIMUM SUBSIDENCE

e MAKIMUM _QUBGIRENCE AS A PERGENI_CE SEAM 1HICKNESS

PERCENT HARD ROCK

Vi 10 20 30 Lo 50 60 10 80 90
0.00 0.900 0.500 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.05 0.005 0.005 0.004 0.004 0.003 0.003 0.002 0.002 0.002
0.10 0.020 0.018 0.016 0.015 0.0!'3 0.012 0.010 ©.008 0.007
0.19 0,043 0.040 0.036 0.933 0.C29 0.025 0.022 0.018 0.015
0.20 0.075 0.069 0.063 C.056 0.0%0 0.04ti 0.038 0.03) (0.025
0.25 0.113 0.104 0.095 0.085 0.076 0.0656 0.057 0.047 0.038
0.30 0.156 0.153 0.3130 0.117 ©0.104 0.C51 0.078 0.065 0.052
0.35 0.203 0.186 0.169 0.152 0.135 0.118 0.102 0.085 0.068
Q.00 0.251 0.230 0.209 Q.88 0.167 0.146 0.125 0.105 0.0484
0.45 0.298 0.273 0.249 0.224 0.199 0.174 0.149 0.125 0.100
0.50 0.344 0.316 0.287 0.258 0.230 0.201 0©.173 0.144 0.115
0.55 0.388 0.356 0.323 0.291 0.259 0.227 0.194 Q.162 0.130
0.60 0.428 0.392 0.357 0.321 0.285 0.250 0.231% 0.317%9 0.143
0.65 0.46n 0.425 0.307 0.348 0.309 0.271 0.222 0.194 J.155
G.70  0.459% 0.454 0.413 0.372 0.330 0.289 0.2u8 0.207 0.166
0.75 0.522 0.479 0.435 0.392 0.3u8 0.305 0.262 0.218 0.17%
0.80 0.545 0.499 0.454 0.409 0.364 0.318 0.273 0.228 0.182
0.85 0.563 0.517 0.470 0.423 0.376 0.329 0.282 0.236 C.189
0.90 0.579 0.530 0.482 0.4534h 0.386 0.338 0.290 0.242 0.194
0.95 0.597 0.541 0.492 0.443 0.394 0.345 0.296 0.247 0.198
1.00 0.600 0.550 0.%00 0.450 0.400 0.35% 0.301 0.25!' 0.201
FLIG 0,612 0.56Y G.511 0.460 0.409 0.358 0.307 0.256 0.205
1.20 0.619 0.568 0.516 0.465 0.413 0.362 0.310 0.259 0.207
1.30 0.623 0.571 0.%19 0.467 0.416 0.364 0.312 0.260 0.208
VO 0.62 0.572  0.520 0.469 O0.4i7 0.36% 0.313 0.261 0.209
1.50 0.625 0.573 0.5217 0.869 0.417 0.365 0.313 0.2561 0.2u9
1.60 0.62% 0.573 0.521 0.469 O.417 0.365 0.313 0.261 0.209
1.70 0.625 0.573 0.521 0.469 0.417 0.365 0.313 0.261 0.209
V.80 0.625% 0.573  0.521 0.469 0.417 0.36% 0.313 0.261 0.209
1.90 0.625% 0.573 0.52%' 0.869 0.417 0.365 0.313 0.261 0.209
2.00 0.625 0.5713 0.521 0.069 0.417 0.365 C.313 0.261 0.209
2.20 0.625 0.573 0.5%521 0.469 O0.h417 0.365 0.313 0.261 0.209
2.0 0.625 0.573 0.5%2)7 0.469 0.417 0.365 0.313 0.261 0.209
2.60 0.625 ©.57/3 0.%521v 0.469 0.4172 0.365 0.313 0.261 0.209
2.80 0.625 0.573 0.521 0.069 0.417 0.365 0.313 0.261 0.209

L 3.00 0.625 0.573 0.521 0.469 0.4} 0.36% 0.313 0.261 0.209




TABLE X

DETEXMINATION OF T3 SUBSIDIENCE PROFILE

LISVANCE FRQIT THE CENTER OF THE PAHEL 1N TL2MS OF DEPTH
SUBSIDENCS AS A PERCENT OF #HAXIHUM SUBSIDENGE
T U ) i .2 3 R 5 6 T B .9 .95 700
000 0.319 0.221 0.197 G, 0.154  0.1h0  0.127 .1t Q.100  0.084 O.061 0.042  0.000
0.05 0.340  0.2%  0.210  ¢.182  0.164  0.1h9  0.13%  (.122  0.107 0.090 0.065 0.04h  0.000
0.0 0.362  0.751 0.2zh Q0.19y 0.174  0.159 0.1l 0,129  0.11n 0.095  0.069  0.047  0.000
V.15 0. 384 0.266 0,231 0.206 Q.18%  0.168  0.153  0.137  0.12} 0.101 0.073 0.050  0.000
0.20 0. 47 0,282 0.251 0.218  0.196 0.178 0Q.162 Q.46 C.128 0.107 0.0718  0.053  0.000
0.25%  0.431 0.295  6.266 0.231 ¢.208 0.189 0.171 0.154  0.136  0.113  0.082 0.056  0.000
0.30  0.455  6.315  0.2861  0.24h  0.219 0.199  0.181 0.163 0.143  0.120 0.087 0.059  0.000
.39 0479  C.332  0.296 0.2%7  0.23) 0.210  0.191 0.171 0.151 0.126  0.091 0.063 0.000
0.0 0.505 0.3506  0.312  0.270  0.243 0.221 0.201 0.180 0.159 0.133 0.096 0.066 0.000
0.5  0.530  0.357  0.328 0.284  0.25 0.232 0.211 0.190 0.167 0.140  0.10} 0.069 0.000
0.50  0.5%7 0.386 0.3 0.298 0.268  0.2hh  0.221 0.199  0.175  0.147 0.106 0.073 0.000
0.55 0.584  0.40%  0.360 0.313  0.261 0.256 0.232 0,209 0.184%  0.154 0.111 0.076 0.000
0.60 0.6 0.h23  0.372  0.328 0.295 0.268 0.2u3  0.21%  0.192  0.16} 0.116  0.080  0.000
0.65 0.639  0.4u3  0.395  C.3N13 0.308 0.280 0.251  0.229  0.201 0.168 0.122 0.084 C.000
0,70 0.668  0.063  G.N12  0.358  0.322 0.292  0.266 0.239 0.2i1C  0.116 0.121 0.087  0.000
w75 0.697  0.u483  0.431 0.374 0.336  0.305 0.277 0.209 ©0.219 0.igy 0.133 0.091 0.000
0.80 0.721 0.50h  G.4NM9 0,390 0.350  0.318  0.289  0.260 0.229  0.191 0.136  0.095 0.000
085 0.757 0.5%25  0.463  0.406  0.365 0.332 0.301 0.271 6.238 0.199 0. 0.099  0.000
0.90  0.788  0.586  0O.u87  0.423  0.380 0.345 0.313 g.282 0.24¢ 0.208 0.3i50  0.1C3  0.0C0
0n.9Y5  0.820  0.568  0.506  0.u439 0.395 0.359 0.326 0.293 0.258 0.216 0.156 0.107 0.000
V.00 0.852 0.590  0.526 0.u457  0.h1d 6.373  0.339 0.305 0.268 0.z24 0.162 C.11} 0.000
1.Y00 0,918 0.636 0.567  0.0h%92  0.h42  0.402 0.365 0.328 0.289 0.242 0.175 0.120 0.000
1,20 0,986  0.683 0.609 0.529 0.4%7% 0.h32 0.392 0.352 0.310 0.260 0.188 0.129 0.000
1.30 1.057 0.732  0.653 0.566 0.509 0.u463 0.420 0.378 0.333 0.2718 0.201 0.138  0.000
(NN 1,130 0.783  0.698  0.605  0.544 0.u95  0.449  0.kO4  0.355 0.298 0.215 0.148  0.000
1.50 1.205 0.83%  0.744  0.646  0.581 0.528 0.479  0.431 0.379  0.317 0.229 0.158  0.000
1.60 1.282 0.888 0.792 0.687 0.618  0.561 0.510 0.459  0.u04% 0.338 0.244  0.168 0.000
.70 1.362  0.94%  0.841  0.730  0.657 0.556 0.5h2  0.487 0.h429 0.359 0.259 0.118 0.000
1.80 1. hun 1.001 0.892  0.774  0.696 0.632 0.57h  0.517 0.454% 0.380 0.275 0.189 0.000
1.9 1,509 1.0%9 0.94%h  0.819  0.737 0.569 0.608 0.547  0.u81 0.h03  0.29 0.200  0.000
2.00 1.61% 1.119  0.998 0.866 0.71719 0.707 0.642 0.578 6.%508 0.426 0.308 0.2i%1 0.000
2.20 1.796 1.2un 1.109  0.963 0.866 0.786 0.714%  0.642 0.565 0.473 0.342 0.235  0.000
2.40 1.985 1.376 1.226 1.064 0.857  0.869 0.789 0.716  0.625 0.523 0.378 0.260 0.000
2. 60 2.184 1.513 1.349 1170 1.053 0.956 0.868 0.781 0.687 0.575 0O.416 0.286 0.000
2.80 2.392 1.658 IIRINA 1.282 1.153 1.0h7  0.95% 0.856 0.753 0.630 0.4 0.313 0.000
3.00 2.610 1.808 1.612 1.399 1.258 1,143 1.038 0.933  0.821 0.687 0.u97 0.3h1 0.000

i
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currently the only model which has incorporated the influ-
ence of geology intc its predictive capabilities. Further-
more, it can be claimed that other prediction systems avail-
able do not provide these qualifications for Appalachian
mining conditions, 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 Jdesign. The time taken for a surface
point to begin or complete subsidence is directly related to
the stress redistribution abocve the waste area. This rela-
tionship can be used to 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 0.5h 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 differs from the distance of 0.75h found for
British conditions, once again indicating that smaller dis-
tances are reguired 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
(C.7h), the same fundamental relationship concerning the de-
velopment of subsidence is cbserved. Active subsidence be-
gins and is almost fully developed when the coal face has
travelled a distance equal to approximately two times the
draw before and beyond the point in question. This means
that a surface pcint 1is subjectecd to vertical displacement
only while the face 1is located within this critical dis-

t

sl

rnce, which has been determined to equal about 1.4h for

3

British mines and 1.1h for Appalachian mines.
Although the critical width-to-deptlhh ratics of the two
nining regions differ, some similarities were found for the

development of subsidence 1in the British and Appalachian

Fh

ccalfields. When the face 1is located below the point in



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 O to 5 percent of subsidence is diffi-
cult to determine and somewvhat variable, so active subsi-
dence is believed to be ccmplete 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
Apralachian coalfields. The collected information enabled
the development of an empirical subsidence prediction model
which can be applied tec this region, with an accuracy of
less than +20 percent. The primary and unigue advantage of
this prediction svstem is that the influence of the overbur-
den 1lithology was incorporated into its design. Although
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. his 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

148
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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 cduring this study.

Although the research performed during this investiga-
tion has covered a number o¢of parameters which influence mine
subsidence, there are several areas which require further

investigation:

~-Stratigravhy: 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 Kknown. An investigaiion involving the
effect c¢f 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
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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.

~Topography: The influence of topography on
subsidence ccntinues 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 data, because the
majority of the case studies did not exhibit a
significant variation in surface topography. In
the few cases where the topography map indicated
that a rolling or hilly terrain was present above
a particular panel, several profiles were plotted
at various positions along the panel. Although
it appeared that the angle of draw was affected
by this change in contour, the maximum subsidence
was suggested to be independent of the variable.
However, further analyses are required before

significant conclusions can be made.
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-Data Bank: The data which was gathered for

this research originiated from longwall mines lo-
cated in five states within the Appalachian Re-
gion. However, so me of the ccalfields in this
region have not been as highly researched as oth-
ers. Consequently, it 1s recommended that ef-
forts 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 cf the United States. Such a task can be
greatly facilitated by the procedures and guide-

lines described in this research.

~Room-and-pillar Mining: Although longwall

mirning 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 extracticn 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 neces-
sary to combat the often severe problems of aban-

doned mines.

-Survey Methods: All of the case studies

which have been presented in this reasearch in-
clude data from surveys performed by mine person-
nel. For this reason, no established and consis-
tent procedure was used to either gather or
record the subsidence data. To ensure control
over the guantity, guality, 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-

tigation would enable the subsidence investiga-
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tors to conduct the type of analyses desired and

record the factors affecting ground movements.

-Strain Investigatiocns: 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, 1is

the factor which mostly causes damage to surface

stiructures. OCnly two subsidence studies found in

=t

iterature 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. Recause this 1is
the main subsidence characteristic associated
with structural damage, greater efforts should be
directed towards additional information. Analy-
ses of this phenomenon 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 nining. 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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ODEPARTMENT OF MIFING AND MINERALS ENGINEERING
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AND STATE UNIVERSITY
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As you know many methods have been used to predict surface subsidence.
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SUBSIDENCE INFORMATION

I. Topography of che area
II. Approximate geologic column of the mining secticn
1II. Mine layout
A. Dip, depth, and thickness of cthe seam,
B. Mine maps,
C. Maps indicating locatious of
measurement stacions,
IV. Subsidence dacta
A. Subsidence readinags,
B. TFace advance relative tCo subsidence
readings (if available),
C. Duration of sutsidence measurements
D. Any irregularicias observed during
subsicence measuraments.
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Appendix C

COMPARISONS OF NCB PREDICTIONS WITE ACTUAL FIELD
DATA
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DESCRIPTION OF THE COMPUTER PROGRAM

WITH SAMPLE QUTPUT

A computer program was designed to provide plots of the predicted
subsidence profiles. Although Figures 4.3.7 and 4.2.8 include the ac-
tual fieid 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 har-
drock in- the overburden, the width-to-depth ratio, the predicted dis-
tance from the center of the panel to the inflection point (obtained from
Figure C1), 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 Hardrock

WH-Width-to-depth ratio

BHAT-Predicted distance from centerline to inflection

peint
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SMAXHAT -Predicted maximum subsidence

OQUTPUT VARIABLE: The output variables include the observation

number, the horizontal distance from the centeriine at which the subsi-
dence was predicted, and the predicted subsidence value. These vari-

r

ables are designated as follows:

OBS-Observation number
X-Horizonta! 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 ocutput and a predicted

contour, as plctted by the Virginia Tech CALCOMP plotter.
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Appendix E

COMPARISONS OF THE EMPIRICAL PREDICTION METHOD
WITH THE RAW DATA
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CASE STUDY 2
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A STUDY OF LONGWALL SUBSIDENCE IN THE APPALACHIAN
COALFIELD

by
Boneva Webb

(ABSTRACT)

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 currently 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. Althocugh it
cannot be prevented, foreigh experience has shown that it, nevertheless,
can be controlled. 1In 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 coalfields. 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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