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Subsidence Potential in Shale and Crystalline Rocks
. By
J. F. Abel, Jr.l and F. T. Lee
Abstract

This report presents a statistical summary of worldwide subsidence
experience in shale and crystalline rocks, and includes an expanded
bibliography of the most significant references on mining-induced subsidence
in these rocks. No measurements have been reported in the literature of
subsidence in "massive" shale and crystalline rocks (potential host rocks for
radioactive-waste (radwaste) repositories). Predictions of the subsidence
response of massive rock based on information gained from less uniform rocks
will be subject to unknown but possibly large error.

Subsidence is controlled by a complex combination of mining and qeologic
factors. For example, as the percentage of shale in the rock mass decreases
and the amount of sandstone increases, the angle of draw (and the area of
potential surface subsidence) decreases. When limestone is present in the
overlying rock the angle of draw can be three times less than for an
equivalent amount of sandstone. In fractured crystalline rocks the angle of
draw and the resulting surface deformation appear to be controlled not only by
properties of the rock substance, as in shale, but also by preexisting
joints. Faulting can limit or enlarge the draw angle in any rock formation.
The data show that gross errors may occur when applying a subsidence model
developed at one mine in one geologic environment to a mine at another
location.

Control of subsidence with backfilling has been highly successful. In
one case the subsidence predicted without backfill was nearly 20 times greater
than that actually measured with backfill.

lcolorado School of Mines, Golden, Colorado 80401

1



Introduction

Modern industrial society produces increasingly larger amounts of highly
toxic, long-lived chemical and radioactive-waste products. The attractiveness
of pr0posa1s to place these hazardous materials in deep, geologically stable,
storage sites depends offl the stability of both the near- and far-field
geologic environment. It is unreasonable to assume that any series of rooms
and pillars will remain stable for many thousands of years. It is essential,
therefore, to be able to predict and prepare for the deformation and failure
of those pillars and for the resulting subsidence of the surface. The
possibility that delayed subsidence will breach such a containment facility
and allow surface water to enter can only be evaluated by considering the much
shorter historical record of mining-induced subsidence.

No rock type has all of the desirable attributes for waste containment.
However, crystalline rocks and thick shale sequences have been suggested as
prime storage sites. Shale, a relatively weak rock, would inhibit the
migration of hazardous wastes because of its tendency to deform plastically
rather than by fracture. Pillars excavated in shale will, however, remain
stable for a shorter time than pillars excavated in much stronger crystalline
rocks (mainly granite and gneiss). Joints in rock masses provide a potential
avenue for ground-water movement. In deep mines the water that enters through
such joint systems in crystalline rocks must be pumped out. It is common
practice to excavate shallow (100-150 m) storage caverns for liguified
petroleum gas (LPG--butane and propane) in shales because 05 their ability to
contain LPG under moderate pressures, <0.7 MPa (<100 1bf/in%)

It is desirable to place storage facilities for critical materials in
massive formations because predicting long-term rock mass response, while nct
simple, should be easier in massive formations than in more complex geologic
environments. Alternating beds of different flat-lying or folded sedimentary
rocks or folded, fractured, and injected metamorphic rock masses represent
complex geologic environments which generally should be avoided.

The purpose of this report is to summarize and interpret the most
relevant published subsidence information and to suggest the degree to which
this information may be applied to predictions of subsidence in massive shale
and crystalline rocks.

Mining background information

It is not possible to find mines operating in massive shale and
crystalline rocks because there is no economic incentive, that is, no coal or
other economic product to extract. Measurements of surface response to mining
below shale and crystalline rocks are, therefore, virtually absent from the
technical literature.

There are numerous statements concerning the importance of geology in the
development of damaging subsidence effects. For example, Sopworth (1898,
p. 165) suggested the f0110w1ng classification for beds overlying British coal
deposits:



1. "Measures consisting of fairly equal proportions of rocky
and argillaceous beds, and containing thick beds of
sandstone." (Rocky probably means sand-size and coarser
sediments.) '

2. "Measures including a small proportion of rocky beds, say
15 percent, and only thin beds of sandstone." (Eighty-
five percent argillaceous, 15 percent sandstone.)

3. "Variations between these two."

In the first case, according to Sopworth (1898, p. 165-166), the edge of the
subsidence trough will follow or lie over the excavation and in the second
case it will lie over the solid coal. (See fig. 1 for nomenclature.) In the
third case it will vary between (1) and (2). The same year, Cooper (1398,

p. 134) calied attention to the absence of an angle of draw where the
overlying beds include strong thick layers of limestone. As recently as 1976,
Dunrud (1976, p. 1) stated, "Kncwledge of geologic, topographic and
socioeconomic conditions in prospective mining areas is vital to planning safe
and efficient mining activities * * * " ~

While no subsidence information exists for massive shale or massive
crystalline rocks considerable data are available in the technical literature
~ for layered sedimentary rocks overlying coal mines and for geologically
complex crystalline rock masses above metal mines. The typical sedimentary
sequence in coal deposits involves a cyclic deposition of different rock types
(cyclothem) in which only one of the rock types is snhale, although shale is
the most abundant rock type at many locations. The typical geologic
environment of a metalliferous ore deposit in crystalline rock, if indeed
there is a typical deposit, includes folded and fractured rock masses.

Faults, or dikes of different igneous rocks, frequently disrupt the continuity
of the enclosing crystalline rock masses. In addition, the mining of thick
(mining height greater than one-tenth the depth), irregular-shaped
metalliferous orebodies frequently results in a prominent, steep-walled
collapse depression at the surface. Such a collapse depression, which can be
as much as tens to hundreds of feet in depth, is easy to measure and the
measurement does not have to be very precise. The failure of pillars in a
horizontal waste storage facility would not produce a steep-walled collapse
depression or pit, but only a broad shallow downwarp of the ground surface,
that is, trough subsidence, because there is no reason to use mining heights
of one-~tenth the depth, or greater. With one notable exception, no effort has
been made to measure the more subtle, local, downward deflection of the
surface, that is, trough subsidence, adjacent to a prominent collapse
depression (Thomas, 1971). :

Massive shale overburden represents, in effect, one extreme of rock type
in the case of sedimentary 1ithology. Coal-mining subsidence-monitoring
results involve different sequences of varying lithologies. Shale is
typically a major proportion of the overlying sequence of strata. Bell (1975,
p. 28) stated, "Argillaceous rocks account for about three-quarters of the
thickness of a sequence of coal-bearing strata" in England. Kapp (1973, p. 7-
8) on the other hand stated that, "There is approximately 70 percent of
sandstones in the strata over the Kemira longwall panels" near Wollongong in
Australia. :
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The 1imited number of subsidence-monitoring programs reported in the
literature which also determined and reported the overlying lithology is
indicated in table 1. It should not be assumed that 1lithology alone controls
subsidence, nor for that matter that 1ithology is the only geologic factor
that influences subsidence. Individual bed thickness, relative strength of
the rock substance, and bedding cross-joint frequency probably have an effect
on the amount of subsidence measured.

In regard to the prediction of subsidence, the extent of detectable
subsidence outside the area of active mining is of as much interest as is
depth of subsidence. The reach of subsidence effects outside the area of
mining, generally referred to as the "angle of draw," appears to be highly
variable. The angle of draw, the angle formed by the vertical line above the
outer 1imit of mining and the lateral limit of detectable subsidence, has a
special importance to land-use planning, because it indicates where the
surface will be unaffected by mining-induced subsidence. The large variation
in tabulated angles of draw is shown in table 2. The potential for error in
applying an angle of draw measured from one country to another, or even within
one country and (or) district is obviously considerable.

Subsidence over thin, tabular-bedded deposits

A tabular-bedded deposit can be considered thin when caving produced by
collapse of the mine roof does not propagate to the surface and form a pitlike
collapse depression. Schulte (1957, p. 193) reported on sinking a shaft from
an upper coal seam to a fully extracted and caved longwall panel below.
Schulte was unable to detect any damage to the rock exposed in the shaft walls
more than nine seam thicknesses above the lower seam. He also found that the
rubble from the collapsed roof had a height between three and four seam
thicknesses above the former roof of the Tower seam. Piggott and Eynon (1977,
p. 763-765) mathematically examined the potential height of collapsed rock
above rooms in room-and-pillar workings (figs. 2, 3). They concluded that the
collapse height for a conservative 30-percent swell (bulking factor) for the
rubble from the collapsed roof rock would result in a collapse height of 3.3-
10 times the thickness of the mined seam. The smaller collapse height should
develop in the case of rectangular (uniform) roof collapse and the larger
collapse height in the case of adverse conical roof collapse, which
occasionally develops above room intersections.

The subsidence effects resulting from failure of the pillars in a waste
storage facility either in shale or in crystalline rock should be similar to
that which would occur upon the extraction of a thin, tabular-bedded
deposit. The surface depression that results is referred to as a subsidence
trough. The standard symbols employed by the NCB (National Coal Board, 1975,
p. 3) are presented in figure 1. The primary factors affecting the
development of the trough in flat-lying tabular deposits like the
Carboniferous coal measures of Great Britain are mining height and minimum
mining width. Depth is a secondary factor, increasing the angle of draw
distance, the extent of surface influence, and possibly the maximum
subsidence. The similarity of subsidence measurements at different mines in
Great Britain is indicated by the subsidence profiles in figure 4 (King and
Whetton, 1957, p. 27).
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Table 2.--Angles of draw (from vertical) for coal mining in the

United States and Europe

Country or Brauner Wardell Newhall and Plein
district (1973, p. 9) (1959, p. 530) (1934, p. 65)
Netherlands-=-=emmcemeaaaax 35°-45° 35°-45°  ccmeemcdcdeaa-
T et tataatatat 30°-45°  cmmmmmmeccmee e
Lower Rhine--eeecmcmmmcccne e 29°-39° eceeceecceeaeea
FranCe=-mmmmmmommmmmmmmmmne 35° emmmmmemmmmee s
Great Britain------meemeee- 25°-35° 28°-40° = ccmmcecemcemoe-

United States of America 20° emmmcememeeea 20°-25°
(Pennsylvania).
Poland-===emmcmmmm e e 19°-34° cmmeememmeeeea




RECTANGULAR COLLAPSE

r

H
‘ vt 3h

e -
B = Bulking Factor = LC—FVQ
where Vo = origmnal volume cf unbroken strata.
Ve - volume of collapsed roof beds

Figure 2.--Diagram showing notation for calculating maximum height of collapse
(H) in relation to geometry of collapse. (Modified from Piggott and

Eynon, 1977.)
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Range of bulking
faclors for
Coal Measure Strala
- |
Observed maximum height
of collapse in the mine!

204

MaxM HEIGHT
OF COLLAPSE
(H)
(expressed 15
as mulliple of
exiracted
thickness h)
10

!
1
13
]
)
}
i
1

10%  20%  30%  40%  50%

BULKING FACTOR B8
(expressed as _a percentaqe)

Figure 3.--Graph showing variation in maximum height of collapse for different
modes of failure and bulking factors. (Modified from Piggott and Eynon,
1977.)




("£961 “uo33ayn pue Buly wouy paLyLpoy)
"SSULW [ROD YSLILAg || WOLS SIAUND JudwdO|3AIp 22UdPLSANS 4O K| Lwe) Y--"4 a4nbLd

’

NX\«NUM S yaep Jo sieusy s oan sSuwgeny)
G ANIOd 40 2O/ INTIN 40 Y3YY 3HL SSO¥2Y DNINJOM do 3oNVYATY

&4
T

g

€T 2T "2 T (%) 84 41 9 S Ll € kil k] [ 60 Q_O ;,_6 w.é n.d Jo <o .Jo __d G
— — - T T T T T T T T T

/s
M JAp90J 3O FINKTUN) S0 YRV JO a:glll\.hJ

[

4 4

N
N
N\
\,
\,
ox oy
§ %8 8§ ® 3

L INIOS LY QINIBSGO FON3TISINS 7L 4O 3D¥LN3IY3d

1
8

)

|
Q

WIYNS SO Liwrr 3HL ] 2
QL FTTIVY ABNYISTO=PD AN /_\\

10



The simplest mining geometry is produced by Tongwall extraction. In
longwall coal mining the coal seam is completely extracted as a rectangular
panel with a width of about 200 m and even a greater length. Leaving a
portion of the coal seam as pillars, in the case of room-and-pillar mining,
reduces the magnitude of subsidence, but does not change the general shape of
the subsidence trough. The effect of pillars and (or) backfill on subsidence
is discussed in a later section of this report.

Many investigators have assumed that the subsidence measured above one
coal mine can be used to accurately predict subsidence that will result from
mining at other locations. This is only grossly true (tables 1, 2).
Obviously, geometric similarity among flat-lying tabular-bedded deposits is
not the only control either on maximum subsidence or on angle of draw.

Data were collected from the literature to investigate the relationship
between angle of draw and lithology, expressed in terms of the percentage of
shale, sandstone, and limestone in the overlying strata. The data are
presented in table 3. The proportions o7 the various lithologies, where not
specifically reported, were calculated from drill hole logs. The percent of
shale, sandstone, or Timestone is by itself a relatively poor predictor of the
angle of draw as shown in fiqures 5, 6, and 7. The statistical confidence
that the angle of draw increases as the percent of shale in the overlying rock
increases is only slightly better than 90 percent (fig. 5). Much lower
confidence can be placed in the statement that the angle of draw decreases
with increases either in sandstone (70 percent) or in limestone (65 percent)
in the overlying rock (figs. 6, 7). However, a multiple linear regression
evaluation of the sandstone and limestone percentages in the overlying strata
indicates 98-percent confidence that the more complex relationship indicated
in figure 8 is true. The indication is that limestone in the overlying rock
causes as much as a threefold decrease in the angle of draw in comparison to
an equivalent percentage of sandstone in the overburden. The student "t"
statistical test for "goodness of fit" was used to determine these
relationships.

More precise predictions of the complex interrelationship of geology and
angle of draw require a more precise definition of the lithology, probably
including bed thickness and jointing as well as rock type.

The dependence of maximum measured surface subsidence (Sj,,) on reported
1ithologies and mining conditions (table 1) is more compliex tﬂan is the angle
of draw relationship to lithologies alone. The assumed independent variables
extracted from the literature were percent shale, percent sandstone, percent

limestone, mining depth, mining height, and percent extraction.

The apparent dependence of maximum measured surface subsidence, as a
percent of the mining height, on the Tithologic percentages of shale,
sandstone, and limestone is presented in figures 9-11. The calculated level
of statistical confidence in an interrelationship, again using the student "t"
test, between maximum subsidence and: (1) percent shale is 88 percent, (2)
percent sandstone is 97 percent, and (3) percent limestone is 85 percent.

11
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r*=0.060 (Correlation Coefficient Squared)
Jiyx = 9.4° (Standard Error - y based on x)

40 -

35
N

30
N, S

. &

2 N
o
N 25
Q °
G
[ €

20
< e o |e
oy o L) o
c
< 15

o e
@,
10
® e
5
0 &
0 20 40 60 80 100

Percenl Sandslone (J)

Figure 6. Reported angle of draw versus percent sand-
stone.

4



. (Correlation Coefficient
r*= 0.049 Squared)

Syx=9.5° (standard Error - y based on :

o

of Draw (9
™~
!

U
o
D 15
<
©
10
&
O ¢
5
°3 20 40 60 go 100

Percenl Limeslone /%}

Figure 7. Reported angle of draw versus
percent limestone.

15



Percenl Sandslone

\\\\\\\\

Angle of Draw () = 30.2°
0 220(%55).-0.508(%Lm5)° |
R =0.269  Syx=4£.32°

X\\\\\\\\
N
\\\\\\\\\\\%
wmm§
AN \\\\\\\\\\\ _
MU

Percenl Limeslon

immwwx

. %)



ri=0.170 (Carre/&l‘{on Loeficienl Sguarec/)
Syx= 18.9% (Standard Error = y based on z )

N
3

106
3
S
AN o

8o
S
Q ©
3 )
N :
o (7)) s —
u
g ) .
3 g
\E 40 e
(g «
8§ 20
g o
X o
X

o 20 40 60 80 100

Percent Shale (%)

Figure 9. Reported maximum subsidence versus

percent shale,

17



™
¥

!
b‘»’ /60
8
b
w3
= g0

©

8 65 2 [ Cg
~ S)
Ay e
<
y ¥ N
y ¢
S
I 20
£ |
.
*
wd 1
<,

0 20 40 . 60 &0 /00

Percenl” Sandslone (%)

Figure 10. Reported maximum subsidence versus

ri=10.312 (Correlation Coefficient Squared’

Syx = /7.2 (Standard Error - y based on

percent sandstone.

18

)
4



r*=0.146 (Correlation Coefficient Squared)
Sfx’ 19.27 (Standard Error - y based on x)
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The reported data on mining conditions indicate that there is probably no
relationship between depth of mining and maximum measured subsidence
(fig. 12). In fact, the calculated confidence level of about 40 percent is
less than that for flipping a coin. The relationship between mining height
and maximum measured subsidence involves one extreme outlying value (fig. 13),
the results of which were reported by Obert and Long (1962) for a 42-m-high
block of borate. This block was blasted down as a plug, which could make its
inclusion in the statistical analysis questionable. Dropping the outlying
value (fig. 14) increases the level of confidence in an interrelationship from
55 to 98 percent. The highest level of confidence, greater than 99 percent,
of a relationship quite reasonably exists between the percent extraction and
the maximum measured subsidence (fig. 15).

Subsidence over crystalline rocks

The crystalline rocks above many metalliferous orebodies are not
ordinarily massive because they are commonly jointed and faulted. In
addition, the typical igneous rock mass aries in rock composition, and may
contain dikes, sills, and inclusions of country rock. These features
generally would be undesirable in sites for underground storage or disposal of
hazardous waste. Metalliferous orebodies generally have irregular geometries,
varying in lateral and vertical dimensions. The thickness of ore withdrawn
during mining in crystalline rocks is frequently sufficiently great to result
in collapse of the surface. MacLennan (1929, p. 169) reported that a block
cave stope broke through overlying massive Precambrian schist to the surface
after 12.6 percent of the thickness of rock between the extraction level and
the surface was removed. Thomas (1971, p. 5) reported that the upper surface
of the monzonite rocks overlying one orebody was breached when 11 percent of
the rock column had been withdrawn. Thomas (1971, p. 54) reported that
withdrawal of about 10 percent of the same rock column above another orebody
at a nearby location produced a similar breach.

The subsidence mechanism in the case of mineral extraction in crystalline
rock is roughly as follows:

1. Collapse of rock progresses upward from the mining horizon
(undercut level) as ore is withdrawn from below. The
resulting column of caved and broken rock is confined above
the area of extraction.

2. The ground surface does not begin to measurably subside until
the collapse has so thinned the overlying intact rock that it
cannot transfer the load of the overlying rock to the
adjacent solid rock ribs. The overlying solid rock will then
begin to deflect downward toward the collapsed rock below.
Lateral movement of adjacent rock into the collapsed rubble
column is resisted by the active pressure of the rubble
(broken rock). In extreme cases, where the adjacent solid
rock begins to move laterally into the rubble column, it is
resisted by the passive pressure (resistance) exerted by the
broken rock. -
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3. Further extraction of caved ore from below results in increased
sag (subsidence) of the ground surface above and adjacent to
the area of extraction. The overlying intact rock is
progressively thinned by the further upward migration of the

" broken rock, which causes intact rock to deflect onto the
caved rock. The initial trough subsidence is similar in
shape to the trough subsidence observed above coal mining
(Thomas, 1971, p. 6, 16).

4. Continued extraction of ore will result in breaching of the
surface. The initial breach is typically in the form of a
circular pit, commonly referred to as a chimney. The chimney
is roughly centered over the mining area, but may be offsel a
minor distance. Such an offset is probably the result of
preferential collapse along geologic weaknesses in the rock
mass.

5. If ore extraction continues, the surface breach will grow
“laterally near the surface where the broken rock, and the
restraint it provides, has moved down the chimney. The rock
adjacent to the subsided chimney either slides along geologic
weaknesses, such as joints or faults, or topples into the
evacuated upper part of the chimney.

6. The final, or ultimate, angle of draw is determined either by
the place where the lowest angle of geologic weakness
intersects both the ground surface and the mining horizon or
by the place where the angle of repose of the broken rock
mass is reached, whichever has the Tower angle.

The presence of a fault in crystalline or sedimentary rock can terminate
the angle of draw short of its normal value. In the case of crystalline rock
a steeply dipping fault which lies outside the collapsing rock column can
terminate the gradual increase of the angle of draw at the surface outcrop of
the fault. In the case of trough subsidence and sedimentary rock (Lee, 1966)
the subsidence curve is usually truncated by such a steeply dipping fault. 1In
both cases, the ground surface abruptly drops across the fault, with the
downthrown side toward the chimney or toward the center of the trough.

If a gently dipping fault intersects the collapsing rock column the
lateral extent of surface subsidence can increase outward to the place where
the fault intersects the ground surface. Ilhether or not this takes place
depends primarily on the shear strength of the fault zone. Thomas (1971,

p. 38-45) indicated the lateral extension of the subsidence pit to be about
1,000 ft along the San Manuel fault and beyond the draw 1imits measured on the
other sides of the pit.

It is common practice to report both an initial and a final angle of draw
for caving subsidence. The initial angle of draw is the extent of subsidence
effects at the time the surface is breached. The final angle of draw includes
the 1imit of measurable subsidence effects after mining has ceased. A
negative initial angle of draw, that is, it extends inside the mining area, is
frequently reported if precise survey measurements are nct made. Such a
negative angle of draw is the angle be%geén the vertical and a line connecting



the side of the chimney to the nearest side of the mining level. Reported
initial and final angles of draw which breached the surface above
metalliferous mines in crystalline rocks are tabulated in table 4. No
information was found for initial angles of draw for trough subsidence where
the extraction of thickness was limited and the surface was not breached by
caving.

The progression of surface subsidence described above will end at any
stage if extraction of rock from below stops, except where long-term
consolidation of the collapsed rock has occurred. The ultimate extent of
subsidence is controlled by "bedding and jointing which constitute the
principal lines of weakness universally present in rock formations" and "may
be considered the controlling factors in ground movement" (Crane, 1929,

p. 6). "When rock formations are broken due to the removal of underground
support, the movement occurs upon existing planes of weakness and not upon
fresh breaks across the formations" (Crane, 1931, p. 3).

Both subsidence troughs and chimneys can occur either in crystalline or
in sedimentary rocks and either above shallow coal mines or above shallow or
deep metal mines. The differences are generally related to the lateral extent
of surface subsidence effects. Lateral subsidence above crystalline rocks can
extend farther because the dip of the joints can be flatter than the angle of
draw observed for trough subsidence above bedded sediments. Typical bedding
cross-joints are approximately perpendicular to the bedding planes. In flat-
lying sediments, the bedding cross-joints do not define the extent of
subsidence. In this case it is the flexure of the beds that determines the
extent of subsidence. Typical subsidence in bedded sediments which are
sufficiently deep that no collapsed chimneys result (about 10 times extraction
thickness), does not extend beyond step 2 above.

Subsidence associated with piliar failure
in room-and-pillar mining

Room-and-pillar mining is frequently used in areas where the surface must
be protected from the effects of subsidence. In Pennsylvania this provision
has been codified into law (Bituminous Mine Subsidence and Land Conservation
-Act, 1966). The assumption that subsidence can be eliminated by leaving
pillars of sufficient size, however, is erroneous. The extraction of part of
a tabular deposit, in this case coal in Pennsylvania, will increase the
vertical stress in the remaining pillars. The pillars will shorten in
response to the increase in stress. This pillar shortening will be
transmitted to the surface, but its effect is normally so small as to be
negligible and frequently undetectable. Prediction of the long-term stability
of the pillars is a major problem for room-and-pillar mining. Pillar failures
leading to sudden surface subsidence have occurred as long as 100 years after
mining (Thornburn and Reid, 1977, p. 90).
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The monitoring of the surface above room-and-pillar mining operations is
rarely undertaken; however, data are available from the few surface
subsidence-monitoring programs over failed pillars (table 5). The subsidence
reported is much less than that predicted by the widely used NCB (1975) model
for longwall mining--the uniform extraction of a thickness of coal across a
wide and long area. Knothe (1957, p. 214) reported a reduction of maximum
subsidences to as little as one-thirty-fifth of the NCB longwall subsidence
prediction for 50-percent extraction by room-and-pillar mining. This, no
doubt, results from the fact that when pillars fail they crush and expand but
do not flatten out uniformly. The shortened crushed pillars increase in load-
carrying capacity in some proportion to their increase in cross-sectgonal
area. Wilson (1972, p. 413) reported placing 166 MPa (24,000 1bf/inc) on a
cylinder of coal fragments whose width was 20 times its height. Likewise,
solid coal pillars could never carry such a stress unless their width/height
ratio was similarly large. The data presented in table 5 and shown
graphically in figure 16 permit a statistical analysis based on the method
presented by Wardell and Eynon (1968).

Backfill has been placed in room-and-pillar workings in some mines to
reduce subsidence. This method has been highly successful as indicated by the
results reported by Kumar and Singh (1973, p. 6-2, 6-3) and by the results in
table 5 for the Jharia mine in India. The predicted percent of subsidence
without backfill is nearly 20 times greater than that measured with backfill

(fig. 17).

Accurate prediction of the reduction in subsidence effects resulting from
backfilling around pillars commonly is not possible because uncontrolled or
unreported factors, such as the completeness of filling and the
compressibility of the fill are not accurately known. It is also necessary to
determine the percent of swell of the failing pillar as it interacts against
the fill material. Subsidence effects can be greatly reduced by backfiliing,
but subsidence cannot be eliminated.

Rate of subsidence

The time factor in mining-induced subsidence has been investigated in the
past, mainly as it applies to coal mining. Young and Stoek (1916), for
example, reached only one general conclusion: the deeper the seam the longer
the duration of surface movement. Although this is a widely accepted finding
the reasons behind it still are not completely understood.
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Wardell (1953) showed that the subsidence of a point at the surface
theoretically begins when a longwall face enters the "critical area" (fig. 3)
and ceases when the face leaves the critical area. However, Wardell further
showed that the surface point continues to subside (residual subsidence) for a
variable period, perhaps months, but that on the-average, 95 percent of the
total subsidence occurs while the face is within the critical area. Most
investigators suggest that rate of advance and depth of mining are the factors
governing the rate of surface subsidence. In addition, a "development factor"
which includes depth, mining height, and percent extraction (Orchard and
Allen, 1974) has been proposed for mining-geometry influences. As stated
earlier, in respect to the areal limits of subsidence, geological and
geomechanical properties influence strain rates and modes of deformation.
Orchard and Allen (1974) reported that, when the face advances out of the
"critical area," further ground movements occur due to complex time-dependent
stress redistribution processes in the overlying rocks.

The influence of depth of mining and face position on time-dependent
subsidence becomes more important in the event of pillar failure in room-and-
pillar mining than that in longwall mining. Pillar failure can be delayed,
progressive, or sporadic. . )

Residual or delayed subsidence

Orchard and Allen (1974) noted that 9 percent of the total subsidence
occuried during the 6 years after a 165-m-deep longwall face advance stopped
at Peterlee, England. A thick dolomitic limestone apparently caused a delay
and reduced the amount of subsidence. The same authors mention that a
residual surface subsidence of 16 mm occurred 3 _.months after longwall mining
of a 105-m-deep coal seam stopped in north Durham, England. Then, after a
pause of 5 months during which there was no subsidence, a subsidence of 17 mm
took place over the next 3 years. The delayed subsidence was 6.8 percent of
the 3-year total. At this mine a 23-m-thick bed of sandstone apparently
delayed surface deformation. A gradual lowering of the rock mass is
associated with weak beds whereas violent, often delayed, collapse is
associated with the sudden failure of strong roof rocks. According to Piggott
and Eynon (1977), if there is at least one competent rock layer, which has a
thickness of at least 1.75 times the appropriate opening span width, between
the mine workings and the surface, the collapse process will be stopped by
that competent bed. '

Subsidence may be delayed either when the extraction percentage is
decreased and pillars are left, or when backfilling is used. Similarly,
Whetton and King (1961) found that the area of the underground workings also
controls the timing and vertical extent of surface subsidence. Thus, roof
deflection is proportional to roof span width and span width is proportional
to surface subsidence; the greater the span width the more rapidly deformation
will reach the surface.

Many accounts are recorded of severe surface deformations that occurred,
often abruptly, long after mining ceased. With only a few exceptions, most of
which are controlled by geological conditions such as those previously
mentioned, the notable delayed residual subsidence has taken place in room-
and-pillar mined areas rather than in longwall mined regions. In the former
County of Lanark (Scotland) mining had been completed 118 years when a sudden
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collapse of sandstone beds occurred above workings only 16 m deep. At the
surface structural damage to apartment buildings was so severe that the
tenants were evacuated and several blocks of buildings were demolished
(Thornburn and Reid, 1977). At Farmington, W. Va., intermittent episodes of
subsidence occurred when 2- to 3-m-high coal pillars punched into the weak
claystone mine floor (Gray, Bruhn, and Turka, 1977). Surface deformation that
damaged dozens of homes and buildings began while the mine (85 m below the
surface) was active. Subsidence movements continued for more than 4 years
after mining stopped until the mine was backfilled with coal waste.

Summary and conclusions

Subsidence is the downward sinking of the ground surface due to the
collapse of underground cavities, in the present case, mined cavities. The
surface extent of subsidence is greater than the cavity length and width.
Vertical movements predominate but lateral movements of both expansion and
contraction also take place. In many areas maximum vertical subsidence is
less than 50 percent of the mining heighi. Subsidence is a time-dependent
deformation that may result from mine roof .collapse, pillar failure, pillar
punching, or various combinations of these mechanisms. Subsidence may be
detected through rupture of utility pipelines, foundation displacements, or
changed drainage patterns, more than 100 years after mining has ceased.
Subsidence induced by longwall mining is much easier to predict and monitor
than subsidence induced by partial extraction methods. The information
presented here does, however, demonstrate that subsidence is controlled by the
complex interaction of mining and geologic conditions and is time dependent,
particularly in the case of room-and-pillar workings.

No measurements of subsidence effects have been made above room-and-
pillar workings in massive shale and crystalline rocks. Therefore,
predictions of subsidence from room-and-piliar excavation for waste storage
facilities in these rocks based on information gained from less, perhaps much
less, massive rocks will be subject to unknown error. Measurements in massive
rocks will be needed to verify extrapolation of available subsidence
measurements, mechanisms, and effects.

Perhaps reasonably accurate subsidence predictions can be made for deep
waste storage chambers in more massive and less complex rock masses using one
or more of the existing subsidence-prediction models for coal measure rocks.
Accurate determination of geologic and excavation conditions, adequate
monitoring, and careful analysis are required for a meaningful validation of
such extrapolations.

33



References cited

Abel, J. F., dr., 1973, Analysis of Lick Creek cavern collapse--appendix in
Dames & Moore, Invest1gat1on of collapsed gas-storage cavern Lick Creek
products terminal near Marion, Illinois, for Marine Office: Appleton and
Cox Corporation, 8 p., tab]es.

Abel, J. F., Jr., and Gentry, D. W., 1978, A longwall subsidence prediction
model, in Coal mine subsidence: American Society of Civil Engineers
National Convention, Pittsburgh, 1978, session 71, preprint 3293,

p. 56-76.

Bell, F. G., ed., 1975, Site investigations in areas of m1n1ng subsidence:
London, Newnes- Butterworths 168 p.

Brauner, G., 1973, Theory and practices in.predicting surface deformation,
Pt. 1 of Subsidence due to underground mining: U.S. Bureau of Mines
Information Circular 8571, 56 p.

Briggs, Henry, and Ferguson, William, 1933, Investigation of mining subsidence
at Barbauchlaw mine, West Lothian: Institution of Mining Engincers
Transactions, v. 85, 1932-33, p. 303-334.

Cooper, R. E., 1898, Discussion on subsidence due tc coal workings:
Institution of Civil Engineers Minutes of Proceedings, v. 135,

p. 132-135.

Crane, W. R., 1929, Subsidence and ground movement in the copper and iron
mines of the Upper Peninsula, Michigan: U.S. Bureau of Mines Bulletin
295, 66 p.

1931, Essential factors influencing subsidence and ground movement:

U.S. Bureau of Mines Informaticn Circular 6501, 14 p.

Dunrud, C. R., 1976, Some engineering geologic factors controlling coal mine
subsidence in Utah and Colorado: U.S. Geological Survey Professicnal
Paper 669, 39 p.

English, John, 1940, Some notes on subsidence: Iron and Coal Trades Review,
v. 141, p. 591, December 6.

Fenix and Scisson, Inc., 1972, Mined LP-gas storage cavern Lick Creek products
terminal Union County, 111inois: Texas Eastern Transmission Corporation
Feasibility Report, 17 p.

Fletcher, J. B., 1960, Ground movement and subsidence from block caving at
M1am1 mine: American Institute of Mining Engineers Transactions, v. 217,
p. 413-421.

Gray, R. E., Bruhn, R. W., and Turka, R. J., 1977, Study and analysis of
surface subsidence over the mined Pittsburgh coalbed: U.S. Bureau of
Mines Open-File Report 25-78; available from U.S. Department of Commerce,
National Technical Information Service, Springfield, Va. 22161, as report
PB 281 511, 362 p.

Greenwald, H. P., Maize, E. R., Hartmann, Irving, and Rice, G. S., 1937,
Montour 10 Mine of the Pittsburgh Coal Company [Pt.] 1 of Studies of roof
movement in coal mines: U.S. Bureau of Mines Report of Investigation
3355, 41 p.

Herbert, C. A., and Rutledge, J. J., 1927, Subsidence due to coal mining in
IT1inois: U.S. Bureau of Mines Bulletin 238, 59 p.

Kantner, W. H., 1934, Surface subsidence over the porphyry caving blocks,
Phelps Dodge Corporation, Copper Queen Branch: American Institute of
Mining and Metallurgical Engineers Technical Publication 552, 13 p.; also
American Institute of Mining and Metallurgical Engineers Transactions, v.
109, p. 181-194. '

34



Kapp, W. A., 1973 Subsidence Kemira Colliery New South Wales, in Subsidence
in mines: Austra]as1an Institute of Mining and Meta]lurgy Symposium,
Wollongong, 1973, p. 7-1 to 7-10.

King, H. J., and Whetton, J. T., 1957, Mechanics of mine subsidence: European
Congress on Ground Movement, Leeds, 1957, Proceedings, p. 27-38; also
Colliery Engineering, v. 35, p. 247-252, June, p. 285-288, July.

Knothe, S., 1957, Observations of surface movements under influence of mining
and their theoretical interpretation: European Congress on Ground
Movement, Leeds, 1957, Proceedings, p. 210-218; also Colliery
Engineering, v. 36, no. 419, p. 24-29, January 1959.

Kumar, R., and Singh, B., 1973, Mine subsidence investigations over a longwall
working and the prediction of subsidence parameters for Indian mines:
International Journal of Rock Mechanics and Mining Sciences, v. 10,
no. 2, p. 151-172.

Lee, A. J., 1966, The cffect of faulting on mining subsidence: Mining
Engineer, p. 735-745, August.

MacLennan, . W., 1929, Subsidence from block caving at Miami Mine, Arizona:
American Institute of Mining and Metallurgical Engineers Transactions,

v. 85, 1929 Yearbook, p. 167-178. ,

Maize, E. R., and Greenwald, H. P., 1939, Studies of roof movement in coal
mines, 2. Crucible Mine of the Crucible Fuel Company: U.S. Bureau of
Mines Report of Investigations 3452, 19 p. ,

Maize, E. R., Thomas, Edward, and Greenwald, H. P., 1940, Studies of roof
movement in coal mines, 3. Gibson Mine of the Hillman Coal and Coke
Company: U.S. Bureau of Mines Report of Investigations 3506, 9 p.

1941, Studies of roof movement in coal mines, 4. Study of subsidence of
a highway caused by mining coal beneath: U.S. Bureau of Mines Report of
Investigations 3562, 11 p.

Miller, E. H., and Pierson, F. L., 1958, Underground movement and subsidence
over United States Potash Company Mine: Society of Mining Engineers of
American Institute of Mining Engineers preprint 5819P9, 3 p.

Mills, C. E., 1934, Ground movement and subsidence at the United Verde Mine:
American Institute of Mining and Metallurgical Engineers Technical
Publication no. 551, 21 p; also American Institute of Mining and
Metallurgical Engineers Transactions, v. 109, p. 153-171.

Montz, H. W., and Norris, R. V., 1930, Subsidence from anthracite mining, with
an introduction on surface support: American Institute of Mining and
Metallurgical Engineers Transactions, Coal Division, v. 88, p. 98-143.

National Coal Board, 1975, Subsidence engineers' handbook: London, National
Coal Board, 111 p.

Newhall, F. W., and Plein, L. N., 1934, Subsidence at Merrittstown air shaft
near Brownsville, Pennsylvania: American Institute of Mining and
Meta]]urg1ca1 Eng1neers Technical Publication 577, C]ass F, Coal
Division, no. 59, 29 p.

Obert, Leonard and Long, A. E., 1962, Underground horate mining, Kern County,
Ca]ifornia: U.S. Bureau of Mines Report of Investigations 6110, 67 p.

Orchard, R. J., and Allen, W. S., 1974, Time-dependence in mining subsidence,
in Minerals and the environment: International Symposium, Institution of
Mining and Metallurgy, London, p. 643-659.

Piggott, R. J., and Eynon, Peter, 1977, Ground movements arising from the
presence of shallow abandoned mine workings, in Geddes, J. D., ed., Large
ground movements and structures: New York, Halsted Press, p. 749-780.

35"



Schulte, H. F., 1957, The effects of subsidence on the strata immediately
above a working, with different types of packing and in Tevel measures:
European Congress on Ground Movement, Leeds, April 1957, Proceedings,

p. 188-198. '

Sinclair, John, 1950, Mining subsidence in the South Yorkshire coal field:
Institution of Mining Engineers Transactions, v. 110, 1950-51,

p. 365-387.

Sopworth, A., 1898, Discussions on subsidence due to coal workings:
Institution of Civil Engineers Minutes of Proceedings, v. 135,

p. 165-167. ,

Thomas, L. A., 1971, Subsidence and related caving phenomena at the San Manuel
mine, San Manuel, Arizona: Magma Copper Company, San Manuel Division,
unpublished report, 87 p. .

Thornburn, S., and Reid, W. M., 1977, Incipient failure and demolition of two
storey dwellings due to large ground movements, in Geddes, J. D., ed.,
Large ground movements and structures: New York, Halsted Press,

p. 87-99.

Trischka, Carl, 1934, Subsidence following extraction of ore from limestone
replacement deposits, Warren Mining District, Bisbee, Arizona: American
Institute of Mining and Metallurgical Engineers Transactions, v. 109,

p. 173-180.

Vanderwilt, J. W., 1949, Ground movement adjacent to a caving block in the
Climax Molybdenum Mine: American Institute of Mining and Metallurgical
Engineers Transactions, v. 181, p. 360-370.

Wardell, Kenneth, 1953, Some observations on the relationship between time and
mining subsidence: Institution of Mining Engineers Transactions, v. 113,
1953-1954, p. 471-483.

1959, The problems of analysing and interpreting observed ground
movement: Colliery Encincering, v. 36, p. 529-538, December.

1969, Ground subsidence and control: Mining Congress Journal, v. 55,
p. 36, 37-42, January.

Wardell, K., and Eynon, P., 1968, Structural concept of strata control and
mine design: Institution of Mining and Metallurgy Transactions, Section
A, Mining Industry, v. 77, p. Al125-A150; also Mining Engineer, v. 127,
p. 633-651.

Warm, W. F., 1973, Communication to Texas Eastern Transmission Gas Corp and to
Fenix and Scisson, Inc.: Hull and Cargo Surveyors, Inc., Loss Survey
Report (Lick Creek, I1linois cavern), 8 p.

Whetton, J. T., and King, H. J., 1961, The time factor in mining subsidence,
in Clark, G. B., ed., International Symposium on Mining Research, Rolla,
Missouri, 1961, Proceedings: New York, Pergamon, v. 2, p. 521-539.

Wilson, A. H., 1972, Research into the determination of pillar size, pt. 1 of
An hypothesis concerning pillar stability: Mining Engineer, v. 131,
pt. 9, p.-409-417. . ~

Wilson, E. D., 1960, Progress Report [Pt.] 2 of Geologic factors related to
block caving at San Manuel Copper Mine, Pinal County, Arizona, April
1956-March 1958: U.S. Bureau of Mines Report of Investigations 5561,

43 p.

Young, L. E., and Stoek, H. H., 1916, Subsidence resulting from mining:
University of Illinois Engineering Experimental Station Bulletin 91,

205 p.

36 .



Selected references

Abel, J. F., Jr., 1973, Analysis of Lick Creek cavern collapse--appendix in
Dames & Moore, Investigation of collapsed gas-storage cavern Lick Creek
products terminal near Marion, Il11inois, for Marine Office: Appleton and
Cox Corporation, 8 p., tables.

Abel, J. F., Jr., and Gentry, D. W., 1975, Evaluation of excavation experi-
ence--Pierre Shale: QCak Ridge, Tennessee, Union Carbide Corporation,
Nuctear Division, Purchase order 78x-70347V, 108 p.

1977, Safety implications from longwall instrumentation, in Institute on
Coal Mine Health and Safety, 2d, Golden, 1976: Golden, Colorado School
of Mines Press, p. 191-212. :

1978, A longwall subsidence prediction model, in Coal mine subsidence:
American Society of Civil Engineers National Convention, Pitlsburgh,
1978, session 71, preprint 3293, p. 56-76.

Alder, H., Walker, A., and Walker, L., 1942, Subsidence and its bearing on
mining methods: Institution of Mining Engineers Transactions, v. 102,
194243, p. 302-324.

Allen, A. S., 1978, Basic questions concerning coal mine subsidence in the
United States: Association of Engineering Geologists Bulletin, v. 15,
no. 2, p. 147-161.

Allen, C. W., 1934, Subsidence resulting from the Athens system of mining at
Megaunee, Michigan: American Institute of Mining and Metallurgical
Engineers Transactions, v. 109, p. 195-202.

Auchmuty, R. L., 1931, Subsidence and ground movement in a limestone mine
caused by longwall mining in a coal bed below: /merican Institute of
Mining and Metailurgical Enginecers Technical Publication 396, 20 p.

Aynsley, W. J., and Hewitt, G., 1961, Subsidence observation over shallow
workings including pneumatic stowing and rapidly advancing faces: Mining
Engineer, v. 120, 1960-61, p. 552-569, April.

Babcock, C. 0., and Hooker, V. E., 1977, Results of research to develop
guidelines for mining near surface and. underground bodies of water: U.S.
Bureau of Mines Information Circular 8741, 17 p.

Baker, Michael, Jr., Inc., 1974, Architectural measures to minimize subsidence
damage: Pennsylvania Department of Environmental Resources Study ARC-
2551, Contract EER-120, 122 p.

Beck, W. W., dr., and Emrich, G. H., 1578, Coal mine subsidence and mine
pools-~northern anthracite field, Pennsylvania, in Coal mine
subsidence: American Society of Civil Engineers National Convention,
Pittsburgh, 1978, session 71, preprint 3293, p. 1-25.

Beevers, C., and Wardell, K., 1954, Recent research in mining subsidence:
Institution of Mining Engineers Transactions, v. 114, 1954-1955,

p. 223-253. _

Bell, F. G., ed., 1975, Site investigations in areas of mining subsidence:
London, Newnes-Butterworths, 168 p.

Berry, D. S., 1960, Isotropic ground [Pt.] I of An elastic treatment of ground
movement due to mining: Journal of Rock Mechanics and Physics of Solids,
v. 8, p. 280-292.

1964a, A theoretical elastic model of the complete region affected by
mining a thin seam: Rock Mechanics Symposium, 6th, Rolla, Missouri,
1964, Proceedings, p. 310-329.

1964b, The ground considered as a transversely isotropic material:
International Journal of Rock Mechanics and Mining Science, v. 1,

p. 159-167. '

37



1977, Progress in the analysis of ground movements due to mining, in
Geddes, J. D., ed., Large ground movements and structures: New
York, Halsted Press, p. 781-811.

Berry, D. S., and Sales, T. W., 1961, Transversely isotropic ground [Pt.] 2 of
An elastic treatment of ground movement due to mining: Journal of the
Mechanics and Physics of Solids, v. 9, p. 52-62.

1962, Three dimensional, transverse]y 1sotrop1c ground [Pt.] 3 of An

T elastic treatment of ground movenent due to mining: Journal of the
Mechanics and Physics of Solids, v. 10, p. 73-83.

Boyum, B. H., 1961, Subsidence case histories in Michigan mines: Rock
Mechanics Symposium, 4th, University Park, Pennsylvania, 1961, Proceed-
ings, Pennsylvania State University, N1neru1 Industries Experlment
Station Bulletin 76, p. 19-57.

Brauner, Gerhard, 1973a, Calculation of ground movements in European coal
fie]ds,‘iQ‘Subsidence in mines: Australasian Institute of Mining and
MetalTurgy Symposium, wcilongong, 1973, p. 10-1 to 10.9.

1973b, Theory and practices in pred1cting surface deformaticen, Pt. 1 of
bubsldenue due to underground mining: U.S. Bureau of Mines Infourmation
Circular 8571, 56 p. :

1973c, Ground movements and mining damaﬂe Pt. 2 of Subsidence due to
“underground mining: U.S. Bureau of Mines Informatiun Circular 8572,
53 p.

Briggs, Henry, 1529, WMining subsidence: London, bdward Arnold, 215 p.
Briggs, Henry, and Ferguson, William, 1933, Investigation of mining subsidence
at Barbauchiaw mine, West Lothian: Institution of Mining Engincers

Transactions, v. 85, 1932-33, p. 303-334.

British Geotechnical Society, 1975, Settlenent of structures: New York,
Halsted Press, 811 p.

Brown, A., and Casey, F. L., 1971, An investigation into surface subsidence
associated with the extraction of coal seams: Canada Department of
Energy, Mines and Resources, Mining Research Centre International Report
MR 71/88-10, 39 p. :

Brukn, R. W., Magnuson, M. 0., and Gray, R. E., 1978, Subsidence over the
mined-out Pittsburgh coal, in Coal mine subsidence: American Society of
Civil Engineers National Convention, Pittsburgh, 1978, session 71,
preprint 3293, p. 26-55.

Bryan, A., Bryan, J. G., and Fouche, J., 1964, Some problems of strata control
and support in pillar workings: Mining Engineer, v. 123, p. 258-266,
February.

Bucky, P. B., 1944a, Block and forced caving mining practice: Explosives
Engineer, v. 22, p. 9-13, 32-38.

1944b, Block caving at Climax: Explosives Engineer, v. 22, p. 76-79.
1944c, Block caving at Inspiration: Explosives Engineer, v. 22,

p. 116-119.

1944d, Block caving at the King and Johnson Mines--Pt. 1 and Pt. 2:
Explosives Engineer, v. 22, p. 173-181, 217-219, 225-232.

1944e, Block caving at the Sunrise Mine: Explosives Engineer, v. 22,

p. 269-276.

1945a, Block caving at Emma Nevada: Explosives Engineer, v. 23,
p. 20-30.

1925b, Block caving at the Ray Mines: Explosives Engineer, v. 23,
po 4'750

1945c, Block caving at the Crestmore Mine: Explosives Engineer, v. 23,
p. 108-124. , ‘ '
38



Budavari, S., and Potts, E. L. J., 1970, Rock deformation measurements for
evaluating mine stability: Institution of Mining and Metallurgy
Transactions, Section A, Mining Industry, v. 79, p. A37-A42.

Canadian Institute of Mining and Metallurgy, 1978, Mining with backfill:
Canadian Rock Mechanics Symposium, 12th, Sudbury, Ontario, 1978, CIM
Special v. 19, 150 p.

Coal Mining and Processing, 1967, How to calculate factors in mining
subsidence: Coal Mining and Processing, p. 28-33, May, p. 20-23, July,
p. 38-41, 47, September.

Cochran, William, 1971, Mine subsidence--extent and cost of control in a
selected area: U.S. Bureau of Mines Information Circular 8507, 32 p.

Colliery Guardian, 1963, Mining under Coventry, the case for the N.C.B.:
Colliery Guardian, v. 207, p. 324-327.

Collins, B. J., 1977, Measurement and analysis of residual mining subsidence
movements, in Geddes, J. D., ed., Large ground movements and struc-
tures: New York, Halsted Press, p. 3-29.

Conroy, P. J., 1978, Subsidence above a longwall panel in the Illinois No. 6
coal, in Coal mine subsidence: American Society of Civil Engineers
National Convention, Pittsburgh, 1978, session 71, preprint 3293,

p. 77-92. ) '

Cooper, R. E., 1898, Discussion on subsidence due to coal workings: Institu-
tion of Civil Engineers Minutes of Proccedings, v. 135, p. 132-135,

Corden, C. H. H., King, H. J., 1965, A field study of the development of
surface subsidence: International Journal of Rock Mechanics and Mining
Science, v. 2, p. 43-55, March.

Cortis, S. E., 1969, Coal mining and protection of surface structures are
compatible: Mining Congress Journal, v. 55, p. 84-89.

Crane, W. R., 1931, Essential factors influencing subsidence and ground
movement: U.S. Bureau of Mines Information Circular 6501, 14 p.

1949, Subsidence and ground movement in the copper and iron mines of the
Upper Peninsula, Michigan: U.S. Bureau of Mines Bulletin 295, 66 p.

Curth, E. A., 1978, Safety aspects of longwall mining in the I1linois coal
basin: U.S. Bureau of Mines Information Circular 8776, 37 p.

Dahl, H. D., 1972, Two and three dimensional elastic-elastoplastic analyses of
mine subsidence: International Strata Control Conference, 5th, London,
Paper 28 [6 p.].

Deacon, D. D., Sutherland, R. B., and Swan, R. H., 1964, The effect on strata
behavior of two support systems: South African Institute of Mining and
Metallurgy Journal, v. 65, p. 171-205.

Deere, D. V., 1901, Subsidence due to mining--a case history from the Gulf
Coast Region of Texas: Rock Mechanics Symposium, 4th, University Park,
Pennsylvania, 1961, Proceedings, Pennsylvania State University Mineral
Industries Experiment Station Bulletin 76, p. 59-64.

Denkhaus, H. G., 1964, Critical review of strata movement theories and their
application to practical problems: South African Institute of Mining and
Metallurgy Journal, v. 64, p. 310-332.

Dierks, H. A., 1933, Backfilling: Coal Age, v. 38, no. 8, p. 255-258.

Dinsdale, J. R., 1937, Ground failure around excavations: Institution of
Mining and Metallurgy Transactions, v. 46, 1936-37, p. 673-701.

Dobson, W. D., Potts, E. L. J., Roberts, R. G. S., and Wilson, K., 1959, The
coordination of surface and underground development at Peterlee Co.
Durham: Institution of Mining Engineers Transactions, v. 119, 1959-60,
p. 279-300. :

39



Dunrud, C. R., 1976, Some engincering geologic factors controlling coal minc
subsidence in Utah and Colorado: U.S. Geological Survey Professional
Paper 969, 39 p.

Dunrud, C. R., and Osterwald, F. W., 1978, Coal mine subsidence near Sheridan,
Wyoming: Association of Engineering Geologists Bulletin, v. 15, no. 2,
p. 175-190.

Drent, S., 1957, Some considerations on the connection between time-curves and
the thickness of the noncarboniferous overburden in the South Limburg
coal field: European Congress on Ground Movement, Leeds, 1957,
Proceedings, p. 49-57.

Eavenson, H. N., 1923, Mining an upper bituminous seam after a Tower seam has
been extracted: American Institute of Mining and Metallurgical Engineers
Transactions, v. 69, p. 398-405. .

English, John, 1940, Some notes on subsidence: Iron and Coal Trades Review,
v. 141, p. 591, December 6.

Fenix and Scisson, Inc., 1972, Mined LP-gas sterage cavern Lick Creck products
terminal Union County, IT1linois: Texas Eastern Transmission Cerporation,
Feasibility Report, 17 p.

Finlay, John, and Winstanley, Arthur, 1934, The interaction of longwall
workings: Institution of Mining Engincers Transactions, v. 87, 1933-34,
p. 172-189; Discussion: Institution of Mining Enginears Transactioas,

v. 88, ]934 35, p. 24-28, p. 298-301, 415-418.

F1aschentrdger, He, 1957, Considerations on ground movement phenomena based on
observations made in the left bank Lower Rhine region: European Congress
on Ground Movement, leeds, 1957, Proceedings, p. 58-73.

Gardner, F. P., and Hibberd, G., 1961, Subsidence--the transference of ground
movement to surface structures: Mining Engineer, v. 121, no. 13,

p. 9-36.

Geddes, J. D., ed., 1977, Large ground movements and structures: New York,
Halsted Press, 1064 p.

Gentry, D. W., and Abel, J. F., Jr., 1978, Surface response to longwall coal
mining in mountainous terrain: Association of Engineering Geologists
Bulletin, v. 15, no. 2, p. 191-220. '

Grattan-Bellew, P. E., and Eden, W. J., 1975, Concrete deterioration and floor

" heave due to biogeochemical weathering of underlying shale: Canadian
Geotechnical Journal, v. 12, no. 3, p. 372-378.

Gray, R. E., Bruhn, R. W., and Turka, R. J., 1977, Study and analysis of
surface subsidence over the mined Pittsburgh coalbed: U.S. Bureau of
Mines Open-File Report 25-78; available from U.S. Department of Commerce,
National Technical Information Service, Springfield, Va. 22161, as report
PB 281 511, 362 p.

Gray, R. E., and Meyers, J. F., 1970, Mine subsidence and support methods in
Pittsburgh area: American Society of Civil Engineers Proceedings, Soil
Mechanics and Foundations Division Journal, v. 96, no. SM4, p. 1267-1237.

Greenwald, H. P., Maize, E. R., Hartmann, Irving, and Rice, G. S., 1937,
Montour 10 Mine of the Pittsburgh Coal Company [Pt.] 1 of Studies of roof -
movement in coal mines- U.S. Bureau of Mines Report of Investigation
3355, 41 p.

Griffith, W11]1am, and Conner E. T., 1912, Mining conditions under the city
of Scranton Pennsylvan1a U S. Bureau of Mines Bulletin 25, 89 p.

Grond, G. J. A., 1950, Disturbances of coal measures strata due to mining
activities: Iron and Coal Trades Review, v. 160, p. 1323-1326, 1377-
1382, 1445-1449; v. 161, p. 37-40, 85-88, 135- 137 197-200, 240-251,
295~ 297 353-356, 360, 394 397.

40



1953, A critical analysis of early and modern theories of mining
subsidence and ground control: University of Leeds, Department of
Mining, 57 p. .

1957, Ground movements due to mining: Colliery Engineering, v. 34,

p. 157-158, 197-205.

Hackett, P., 1959, An elastic analysis of rock movements caused by mining:
Institution of Mining Engineers Transactions, v. 118, pt. 7, p. 421-435.

Hall, M., and Orchard, R. J., 1963, Subsidencec profile characteristics:
Chartered Surveyor, v. 95, p. 422-428, February.

Herbert, C. A., and Rutledge, J. J., 1927, Subsidence due to coal mining in
ITT1inois: U.S. Bureau of Mines Bulletin 238, 59 p.

Hesse, A. W., 1958, The facts about draw: Coal Age, v. 63, p. 98-100.
Hiramatsu, Y., and Oka, Y., 1968, Precalculation of ground movements caused by
mining: International Journal of Rock Mechanics and Mining Science,

v. b, p. 399-414.

Holland, C. T., 1962, Desian of pillaers for overburden support: Mining
Congress Journal, pt. 1, v. 48, no. 3, p. 24-28, 32; pt. 2, v. 48, no. 4,
p. 66-71.

1964, The strength of coal in mine pillars: Rock Mechanics. Symposium,

- 6th, Rolla, Missouri, Procceedings, p. 450-466.

Irving, C. Jd., 1946, Some aspects of ground movements: Chemical,
Metallurgical, and Mining Society of South Africa Journal, v. 46,

p. 278-317, May-Jdunc.

Ishijima, Y., and lsobe, T., 1973, The simulation to analyse surface
subsidence using three dimensionzl finite element method, in Subisdence
in mines: Australasian Institute of Mining and Metallurgy Symposium,
Wollongong, 1573, p. 11-1 to 11-6.

Ivey, J. B., 1978, Guidelines for engineering geologic investigations in areas
of coal mine subsidence--a response to land-use planning needs:
Association of Engineering Geologists Bulietin, v. 15, no. 2, p. 163-174.

Jehnson, G. H., and Soule, J. H., 1963, Measurements of surface subsidence,
San Manuel mine, Pinal County, Arizona: U.S. Bureau of Mines Report of
Investigations 6204, 36 p. :

Jones, C. J. F. P., and Bellamy, J. B., 1973, Computer prediction of ground
movements due to mining subsidence: Geotechnique, v. 23, no. 4,

p. 515-530. .

Kantner, W. H., 1934, Surface subsidence over the porphyry caving blocks,
Phelps Dodge Corporation, Copper Queen Branch: American Institute of
Mining and Metallurgical Engineers Technical Publication 552, 13 p; also
American Institute of Mining and Metallurgical Engineers Transactions,
v. 109, p. 181-194.

Kapp, W. A., 1973a, Subsidence Kemira Colliery New South UWales, in Subsidence
in mines: Australasian Institute of Mining and Metallurgy Symposium,
Wollongong, 1973, p. 7-1 to 7-10.

1973b, Mine subsidence, in Subsidence in Mines: Australasian Institute
of Mining and Metallurgy Symposium, Wollongong, 1973, p. 1-1 to 1-10.

King, H. J., and Jones, M. B., 1956, The measurement of mine subsidence: Mine
and Quarry Engineering, v. 22, no. 3, p. 106-113.

King, H. J., and Orchard, R. J., 1959, Ground movement in the exploitation of
coal seams: Colliery Guardian, v. 198, p. 471-477, 503-508.

King, H. J., and Smith, H. G., 1954, Surface movements due to mining: Leeds
University Mining Society Journal, v, 30, p. 127-142.

41 -



King, H. J., and Whetton, J. T., 1957, Mechanics of mine subsidence: European
Congress on Ground Movement, Leeds, 1957, Proceedings, p. 27-38; also
Colliery Engineering, v. 35, p. 247-252, June, p. 285-288, July.,

King, H. J., Whittaker, B. N., and Batchelor, A. S., 1973, The effects of
interaction in mine layouts: International Strata Control Conference,
5th, London, 1972, Paper 17 [11 p.].

King, H. J., Whittaker, B. N., and Shadbolt, C. H., 1974, Effects of mining
subsidence on surface structures, in Minerals and the environment:
International Symposium, Institution of Mining and Metalluigy, London,
Proceedings, p. 617-642.

King, R. U., 1946, A study of geologic structure at Climax in relation to
mining and block caving: American Institute of Mining and Metallurgical
Engineers Transactions, v. 163, p. 145-155,

Knothe, S., 1957, Observations of surface movements under influence of mining
and their theoretical interpretation: European Congress on Ground
Movement, Leeds, 1957, Proceedings, p. 210-218; &lso Colliery
Engineering, v. 36, no. 419, p. 24-29, dJdanuary 1909.

Knox, Georgs, 1913, Mining subsidence: International Geological Congress,
12th, Toronto, Compte Rendus, p. 797-806.

Kumar, R., and Sinch, B., 1973, Mine subsidence investigations over a Tongwall
working and the prediction of subsidence parameters for Indian mines:
International Journal of Rock Mechanics and Mining Sciences, v. 10,
no. 2, p. 151-172.

Lawson, James, and Winstanley, Arthur, 1932, The working of seams in
proximity: Institution of Mining Enginecrs Transactions, v. 83, 1931-32,
p. 176-190; Discussion, v. 84, 1932-33, n. 43-49, 324--325.

Lee, A. J., 19066, The effect of faulting on mining subsidence: Mining
Engineer, p. 735-745, Augusti.

Lee, K. L., and Shen, Ceo Ko, 1969, Horizontal movements related to
subsidence: American Society of Civil Engineers Proceedings Soil
Mechanics and Foundations Divisicn Journal, v. 95, nc. SH1, p. 139-165.

Llee, K. L., and Strauss, M. E., 1969, Prediction of horizontal movements due
to subsidence over mined areas, in Land subsidence: International
Symposium on Land Subsidence, Tokyo, 1969, Proceedings, v. 2, p. 512-522.

Leggett, R. F., 1972, Duisburg Harbour lowered by controlled coal mining:
Canadian Geotechnical Journal, v. 9, no. 4, p. 374-383.

Liebenberg, A. C., 1970, Building on undermined ground: South African Mining
and Engineering Journal, v. 81, no. 4038, p. 179, 181-183, June 26.

Lloyd, W. D., 1918, The effect of coal mining on overlying rocks and on the
surface: Institution of Mining Engineers Transactions, v. 57, 1918-19,
p. 74-100.

Long, A. E., and Obert, Leonard, 1958, Block caving in limestone at the
Crestmore Mine, Riverside Cement Company, Riverside, California: U.S.
Bureau of Mines Information Circular 7838, 21 p.

Louis, Herry, 1929, Subsidence from mining: Mining and Metallurgy, v. 10,

p. 130-131.

Mabry, R. E., 1973, An evaluation of mine subsidence potential, in New
horizons in rock mechanics: Rock Mechanics Symposium, 14th, University
Park, Pennsylvania, June 1972, Proceedings, p. 263-297.

MacLennan, F. W., 1929, Subsidence from block caving at Miami Mine, Arizona:
American Institute of Mining and Metallurgical Engineers Transactions,
v. 85, 1929 Yearbook, p. 167-178.

42



\

Maize, E. R., and Greenwald, H. P., 1939, Studies of roof movement in coal
mines, 2. Crucible Mine of the Crucible Fuel Company: U.S. Bureau of
Mines Report of Investigations 3452, 19 p.

Maize, E. R., Thomas, Edward, and Greenwald, H. P., 1940, Studies of roof
movement in coal mines, 3. Gibson Mine of the Hillman Coal and Coke
Company: U.S. Bureau of Mines Report of Investigations 3506, 9 p.

1941, Studies of roof movement in coal mines, 4. Study of subsidence of
a highway caused by mining coal beneath: U.S. Bureau of Mines Report of
Investigations 3562, 11 p.

Mansur, C. I., and Skouby, M. C., 1970, Mine grouting to control building
settlement: American Institute of Civil Engineers Proceedings Soil
Mechanics and Foundations Division Journal, v. 96, no. SM2, p. 511-522.

Manula, C. B., Mozumdar, B., and Jeng, D. K., 1974, Subsidence subsystem,

V. 5, in A master environmental control and mine system design simulatoer
for underground coal mining: U.S. Bureau of Mines Open-File Report 84
(5) - 76, 138 p.

Marr, J. E., 1958, The estimation of mining subsidence: Colliery Guardian,
v. 198, no. 5116, p. 345-352.

1958, A new approach to the estimation of mining subsidence: Institu-
. tion of Mining Engincers Transséciions, v. 118, 1958-59, p. 692-707.
1975, The application of the zone area system to the prediction of

" mining subsidence: Mining Engincer, v. 135, p. 53-62, Octcher.

Martin, C. H., and Hargraves, A. J., 1973, Shortwall mining with power
supports in the Broken Hill Proprietary Co., Ltd., mines in Australia:
Entern%tional Strata Control Conference, 5th, London, 1972, Paper 13

13 p. . .

Martos, F., 1958, Concurning an approximate ecquation of the subsidcnce trough
and its time factor: International Strate Control Congress, Leipzig,
1958, p. 191-205, illus. p. 83-90.

McTrusty, J. W., 1959, Control of mining subsidence: Colliery Engineering,
v. 36, no. 421, p. 122-125, March.

Mieville, A. L., 1971, Mining subsidence: London, Civil Engineering and
Public Works Review, v. 66, no. 782, p. 953, 956~957, 959, 961, 963.

Miller, E. H., and Pierson, F. L., 1958, Underground movement and subsidence
over United States Potash Company Mine: Society of Mining Engineers of
American Institute of Mining Engineers Preprint no. 5819P9, 3 p., illus.

Mills, C. E., 1934, Ground movement and subsidence at the United Verde Mine:
American Institute of Mining and Metallurgical Engineers Technical
Publication no. 551, 21 p; also American Institute of Mining and
Metallurgical Engineers Transactions, v. 109, p. 153-171.

Mitchell, R. J., and Smith, J. D., 1979, Mine backfill design and testing:
CIM Bulletin (Canadian Institute of Mining and Metallurgy), v. 72,
no. 801, p. 82-89.

Mohr, F., 1958, Observations in shafts on rock movements due to mining:
International Strata Control Congress, Leipzig, 1955, p. 112-123, illus.
p. 49-58.

Montz, H. W., and Norris, R. V., 1930, Subsidence from anthracite mining, with
an introduction on surface support: American Institute of Mining and
Metallurgical Engineers Transactions, Coal Division, v. 88, p. 98-143.

Myers, A. R., Hansen, J. B., Lindwall, R. A., Ivey, J. B., and Hynes, J. L.,
1975, Coal mine subsidence and land use in the Boulder-Weld coal field,
Boulder and Weld Counties, Colorado: Colorado Geological Survey,
Environmental Geology Series 9, 135 p.

43




National Coal Board, 1963, Principles of subsidence engineering: Production
Department Information Bulletin 63/240, 27 p.

1975, Subsidence engineers' handbook: London, National Coal Board,
111 p. :

National Coal Board, Divisional Strata Control Research Committee, Durham and
Northern (N and C) Divisions, 1950, Memorandum on the design of mine
workings to secure effective strata control: Institution of Mining
Engineers Transactions, v. 110, 1950-51, p. 252-271, 273-278.

1953, Report on the effects of workings in adjacent seams upon new
developments: Institution of Mining Engineers Transactions, v. 113,
1953-54, p. 389-403.

Nelson, A., 1947, Mining subsidence and surface damage: Iron and Coal Trades
Review, v. 154, p. 517-519, March 28.

1964, Ground movements due to mining: Canadian Mining Journal, v. 85,

no. 6, June, p. 69-73.

Nelson, W. I., and Fahrni, K. C., 1950, Caving and subsidence at the Copper
Mountain Mine: Canadian Institute of Mining and Metallurgy Transactions
Bulletin, v. 43, p. 2-10.

Newhall, F. W., and Plein, L. N., 1934, Subsidence at Merrittstown air shaft
near Brownsville, Pennsylvania: American Institute of Mining and
Metallurgical Engineers Technical Publication 577, Class F, Coal
Division, no. 59, 29 p.

Nogushi, T., Takahashi, R., and Tokumitsu, U., 1969, Small sinking holes in
lTimestone area with special reference to drainage of coal mines, in Land
subsidence: International Symposium on Land Subsidence, Tokyo, 1969,
Proceedings, v. 2, p. 512~522.

North, F. J., 1952, Some geological aspecis of subsidence not due to mining:
South Wales Institute of Engincers, Cardiff, Proccedings, v. 67, no. 3,
p. 127-153.

Obert, leonard, and Long, A. E., 1962, Underground horate mining, Kern County,
California: U.S. Bureau of Mines Report of Investigations 6110, 67 p.

Ogden, H., and Orchard, R. J., 1960, Ground movements in Nerth
Staffordshire: Institution of Mining Engineers Transactions, v. 119,
pt. 4, p. 259-272.

Orchard, R. J., 1956, Surface effects of mining--the main factors:
Institution of Mining Engineers Transactions, v. 116, p. 941-958.

1957, Prediction of the magnitude of surface movements: Colliery
Engineering, v. 34, p. 455-462, November. '

1961, Underground stowing: Colliery Guardian, v. 203, p. 258-263,
August

1964a, Partial extraction and subsidence: Mining Engineer, v. 123,
1963-64, p. 417-430, April.

1964b, Surface subsidence resulting from alternative treatments of
colliery goaf: Colliery Engineering, v. 41, p. 428-435.
1973, Some aspects of subsidence in the United Kingdom, in Subsidence in
mines: of Australasian Institute of Mining and Metallurgy Symposium,
Wollongong, 1973, p. 3-1 to 3-9.

Orchard, R. J., and Allen, W. S., 1965, Ground curvature due to coal mining:
Chartered Surveyor, v. 97, p. 622-631.

1970, Longwall partial extraction systems: Mining Engineer, v. 129,
no. 117, 1969-70, p. 523-535, June.

1974, Time-dependence in mining subsidence, in Minerals and the
environment: International Symposium, Institution of Mining and
Metallurgy, London, p. 643-659.

44




Oyanguren, Pedro Ramirez, 1973, Simultaneous extraction of two potash beds in
close proximity, in International Strata Control Conference, 5th, London,
London, Paper 32 5 p.].

Palmer, R. E., 1930, Observation on ground movement and subsidences at Rio
Tinto Mines, Spain: American Institute of Mining and Metallurgical
Engineers Transactions, v. 91, p. 168-185.

Panek, L. A., 1967, Methods and equipment for measuring subsidence: Symposium
on Salt, 3d, Cleveland, 1967, v. 2, p. 321-338.

Panow, A. D., and Ruppeneit, K. W., 1958, Problems concerning strata
control: International Strata Control Congress, lLeipzig, 1958,

p. 97-111, illus. p. 47-48.

Pariseau, W. G., and Dahl, H. D., 1968, Mine subsidence and model analysis:
American Institute of Mining and Metallurgical Engineers Transactions,
v. 241, p. 488-494,

Phillips, D. W., and Jones, T. J., 1941, Strata movements ahead of and behind
longwall faces: Institution of Mining Engineers Transactions, v. 101,
1941-42, p. 346-362.

Piggott, R. J., and Eynon, Peter, 1977, Ground movements arising from the
presence of shallow abandoned mine workings, in Geddes, J. D., ed., Large
ground movements and structures: New York, Halsted Press, p. 749-780.

Plevman, R. P., Deist, F. H., and Ortlepp, W. D., 1969, The development and
application of a digital computer method for the solution of strata
control problems: South African Institute of Mining and Metallurgy
Journal, v. 70, p. 33-44.

Potts, E. L. J., 1949, Ground subsidence from mining: London, Engineering,
v. 168, p. 321-324.

1974, Mining subsidence and the environment, in Minerals and the
environment: International Symposium, Institution of Mining and
Metallurgy, lLondon, 1974, p. 661-687.

Rankilor, P. R., 1970, An approach to the simulation of mining subsidence
phenomena in an elastic, layered model: Quarterly Journal of Engineering
Geology, v. 3, no. 1, p. 55-63.

Rayburn, J. M., 1930, Subsidence in thick Freeport coal: American Institute
of Mining and Metallurgical Engineers, Coal Division, v. 88, p. 144-150.

Rice, G. S., 1923, Some problems in ground movement and subsidence: American
Institute of Mining and Metallurgical Engineers Transactions, v. 69,

p. 374-393.
1929, The question of angle of draw: Mining and Metallurgy, v. 10,
p. 132-133. ]

1934, Ground movement from mining in Brier Hill Mine, Norway,

Michigan: American Institute of Mining and Metallurgical Engineers
Technical Publication 546, Class A, Metal Mining, no. 50, 29 p; also
American Institute of Mining and Metallurgical Engineers Transactions,
v. 109, 1934, p. 118-152.

1940, Ground movement and subsidence studies in mining coal ores and
nonmetallic minerals: American Institute of Mining Metallurgical
Engineers Transactions, Coal Division, v. 139, p. 140-154,

Ropski, St., and Lama, R. D., 1973, Subsidence in the near-vicinity of a
Tongwall face: International Journal of Rock Mechanics and Mining
Sciences, v. 10, no. 2, p. 105-118.

Rutledge, J. J., 1923, Examples of subsidence in two (klahoma coal mines:
American Institute of Mining, Metallurgical, and Petroleum Engineers
Transactions, v. 69, p. 406-414.

45



Ryder, J. A., and Officer, N. C., 1964, An elastic analysis of strata
movements observed in the vicinity of inclined excavations: South
African Institute of Mining and Metallurgy Journal, v. 64, no. 6,

p. 219-244, :

Salamon, M. G. D., 1963, Elastic analysis of displacements and stresses
induced by the mining of seam or reef deposits: South African Institute
of Mining and Metallurgy Journal, v. 64, no. 4, p. 128-149.

1964a, Practical methods of determining displacement, strain, and stress
components from a given mining geometry, Pt. 2 of Elastic analysis of
displacements and stresses induced by the mining of sean or reef
deposits: South African Institute of Mining and Metallurgy dJournal,
v. 64, no. 6, p. 197-218.

1964b, An application of the elastic theory--protection of surface
installations by underground pillars, Pt. 3 of Elastic analysis of
displacements and stresses induced by the mining of seam or reet?
deposits: South African Institute of Mining and Metallurgy Journal,

v. 64, no. 10, p. 468-500.

Salamon, M. D. G., Oravecz, K. I., and Lardman, D. R., 1973, Rock mechanics
problems associated with Tongwall trials in South Africa: International
Strata Control Conference, 5th, London, 1972, Paper 14 [8 p.]. '

Sandhu, R. S., and Wilson, E. L., 1969, Finite~elenent analysis of land
subsidence, in Land subsidence: International Symposium on Land
Subsidence, Tokyo, 1969, Proceedings, v. 2, p. 393-400.

Sandy, J. D., Pibsold, D. D. A., Fleischer, V. D., and Forbes, P. J., 1976,
Failure and subsequent stabilization of No. 3 dump at Mufulira mine,
Zambia: Institut‘on of Mining and Metallurgy Transactions, Section A,
Mining Industry, v. 85, p. Al44-A162; Discussions and contributions:
Institution of Mining and Metallurgy Transactions, Section A, Mining
Industry, v. 86, 1977, p. All4-Al22.

Schulte, H. F., 1957, The cffects of subsidence on the strata immediately
above a vorking, with different types of packing and in level measures:
European Congress on Ground Movement, lLeeds, April 1957, Proceedings,

p. 188-198.

Seldenrath, I. T. R., 1954, Coal measure rocks considered as elastic and as
lToose material: Leeds University Mining Society Journal, v. 30,

p. 39-49.

Shadbolt, €. H., 1977, Mining subsidence--historical review and state-of-the-
art, in Geddes, J. D., ed., Large ground movements and structures: New
York, Halsted Press, p. 705-748.

Simes, D. J., and Jaggar, F. E., 1973, Strata control in mining operations in
a new mine at South Bulli Colliery: International Strata Control
Conference, 5th, London, 1972, Paper 3 [9 p.].

Sinclair, John, 1950, Mining subsidence in the South Yorkshire coal field:
Institution of Mining Engineers Transactions, v. 110, 1950-51, p. 365-
387.

Singh, M. M., 1978, Experience with subsidence due to mining, in
Saxena, S. K., ed., Evaluation and prediction of subsidence: American
Society of Civil Engineers, p. 92-112.

Singh, T. N., and Gupta, R. N., 1968, Influence of parameters of packing on
surface protection: Journal of Mines, Metals, and Fuels, v. 16,

p. 37-44, 52. ‘

Singh, T. N., and Singh, B., 1968, Angle of draw in mine subsidence: Journal

of Mines, Metals, and Fuels, v. 16, p. 252-258, 264.

46



Siska, Lubomir, 1973, Problems relating to coal extraction in seams containing
strong sandstones in the overlying strata: International Strata Control
Conference, 5th, London, 1972, Paper 24, 12 p.

Sopworth, A., 1898, Discussions on subsidence due to coal workings:
Institution of Civil Engineers Minutes of Proceedings, v. 135,

p. 165-167.

Sossong, A. T., 1973, Subsidence experience of Bethlehem Mines Corporation in
Central Pennsylvania, in Subsidence in mines: Australasian Institute of
Mining and Metallurgy Symposium, Wollongony, 1973, p. 5-1 to 5-4.

Sowry, C. G., and Tubb, K., 1964, The investigation of strata movements when
mining three thick coal seams in one area: South African Institute of
Mining and Metallurgy Journal, v. 65, p. 143-170.

Spalding, Jack, 1937, Theory and practice ¢f around control (the Kolar Gold
Field): Institution of Mining and Mei. urgy Transactions, v. 47,
1937-38, p. 71-110.

Spencer, L. H., 1960, Subsidence research carried oul in the Bestwood area of
Nottinghamshire: Mining Engineer, v. 120, no. 3, p. 201-210.

Stacey, T. R., 1972, Threa-dimensional Tinite-element stress analysis applied
to two problems in reck machanics: Sguth Afvican Institute oi Mining and
Metallurgy Journal, ve. 72, p. 201-256.

Stassen, P., and Duyse, H., van, 1973, Harmful influences of faces on the
roadways in a colliery layout, and methods of reducing then:
International Strata Control Conference, 5th, London, 1972, Paper 19
[8 p.].

Stephenson, R. W., 1978, Ground surface subsidence due to coal mine collapse,
Jin Saxena, S. K., ed., tvaluation and predicticn of subsidence: American
Society of Civil [Lngineers, p. 113-128.

Sweel, A. L., 1965, Validity of & stochastic model for predicting subsi-
dence: American Society of Civil Engineers, dJeurnal of Engineeiring
Mechanics, v. 91, no. EM6, paper 4573, p. 111-128.

Thomas, L. A., 1971, Subsidence and related ceving phenomena at the San Manuel
mine, San Manuel, Arizona: Magna Copper Company, San Manuel Division,
unpubtished report, 87 p. :

Thornburn, S., and Reid, W. M., 1977, Incipient failure and demolition of two
storey dwellings due to large ground movements, in Geddes, J. D., ed.,
Large ground movements and structures: New York, Halsted Press,

p. 87-99.

Thorneycroft, Wallace, 1931, Effect on buildings of ground movement and
subsidence caused by Tongwall mining: American Institute of Mining and
Metallurgical Engineers Technical Publication 398, 20 p.

Tincelin, E., and Sinou, P., 1957, Observation made in the Lorraine iron ore
mines: European Congress on Ground Movement, Leeds, 1957, Proceedings,
p. 128-140. A

1958, Summary of the results obtained from eight years research in
strata control: International Strata Control Congress, Leipzig, 1958,
p. 282-304, illus. p. 127-136.

Trischka, Carl, 1934, Subsidence following extraction of ore from Timestone
replacement deposits, Warren Mining District, Bisbee, Arizona: American
Institute of Mining and Metallurgical Engineers Transactions, v. 109,

p. 173-180.

Turnbull, D., and Potts, E. L. J., 1957, Surface and underground subsidence
correlation: European Congress on Ground Movement, Leeds, 1957,
Proceedings, p. 83-91.

47 -



U.S. Bureau of Mines, 1974, Ground control aspects of coal mine design, in
U.S. Bureau of Mines Technology Transfer Seminar Proceedings, Lexington,
Kentucky, 1973: U.S. Bureau of Mines Information Circular 8630, 138 p.

Vanderwilt, J. W., 1949, Ground movement adjacent to a caving block in the
Climax Molybdenum Mine: American Institute of Mining and Metallurgical
Engineers Transactions, v. 181, p. 360-370.

Voight, Barry, and Pariseau, William, 1970, State of predictive art in
subsidence engineering: American Society of Civil Engineers Proceedings,
Soil Mechanics and Foundations Division Journal, v. 96, no. 3, SM2,

p. 721-750.

Wagner, H., and Salamon, M. D. G., 1972, Strata control techniques in shafts
and large excavations: Association of Mine Managers of South Africa
Papers and Discussions, v. 1972-73, p. 123-140.

Ward, Thomas, 1899, The subsidence in and around the town of Northwich in
Cheshire: Institution of Mining Engineers Transactions, v. 16, 1899-
1900, p. 241-264.

Wardell, Kenneth, 1953, Some observations on the relationship between time end
mining subsidence: Institution of Mining Engincers Transactions, v. 113,
1953-1954, p. 471-483.

1958, The problems of analysing and interpreting observed ground
movement: International Strata Control Congress, Leipzig, 1958, p. 206-
221, illus. p. 91-98; also Colliery Engineering, 1969, v. 36, p. 529-538,
Decenber.

1969, Ground subsidence and control: Mining Congress Journal, v. 55,

p. 36, 37-42, January.

1976, Guidelines for mining under surface water--Phase III and final
report: Availeble from U.S. Department of Commerce, National Technical
Information Service, Springfield, Va. 22161, as report PB-264 729, 59 p.

Wardell, K., and Eynon, P., 1968, Structural concept of strata control and
mine design: Institution of Mining and Metallurgy Transactions, Saction
A, Mining Industry, v. 77, p. Al125-A150; also Mining Engineer, v. 127,
p. 633-651.

Wardell, K., and Webster, N. E., 1957, Some surface observations and their
relationship to movement underground: European Congress on Ground
Movement, Leeds, 1957, Proceedings, p. 141-151.

Warm, W. F., 1973, Communication to Texas Eastern Transmission Gas Corp and to
Fenix and Scisson, Inc.: Hull and Cargo Surveyors, Inc., Loss Survey
Report (Lick Creek, Illinois cavern), 8 p.

Webster, N. E., 1951, Strata control and the influence on underground and
surface damage: Institution of Mining Engineers Transactions, v. 111,
1951-1952, p. 445-475,

Weir, A. M., 1964, An appraisal of subsidence observations: Colliery
Guardian, v. 209, no. 5400, p. 513-518.

1966, Subsidence--the interpretation of traveling strain observations:
Colliery Guardian, v. 212, p. 576-577.

Weston, J. G., 1978, The determination of subsidence profiles by mathematical
functions: Mining Engineer, v. 137, p. 493-500.

Whaite, R. H., and Allen, A. S., 1975, Pumped-slurry backfilling of
inaccessible mine workings for subsidence control: U.S. Bureau of Mines
Information Circular 8667, 83 p.

Whetton, J. T., and King, H. J., 1961, The time factor in mining subsidence,
in Clark, G. B., ed., International Symposium on Mining Research, Rolla,
Missouri, 1961, Proceedings: New York, Pergamon, v. 2, p. 521-539.

48



Whetton, J. T., King, H. J., and Jones, M. B., 1957, The field measurement of
subsidence and strain: European Congress on Ground Movement, Leeds,
1957, Proceedings, p. 99-105.

Whittaker, B. N., and Forrester, D. J., 1973, Measurement of ground strain and
tilt arising from mining subsidence, in Field instrumentation in
geotechnical engineering: London, Butterworths, p. 437-447.

Wilson, E. D., 1960, Progress Report [Pt.] 2 of Geologic factors related to
block caving at San Manuel Copper Mine, Pinal County, Arizona, April
1956-March 1958: U.S. Bureau of Mines Report of Investigations 5561,

43 p.

Wilson, G. V., 1975, Early differential subsidence and configuration of the
northern Guif Coast Basin in southwest Alabama and northwest Florida:
Gulf Coast Association of Geological Societies Transactions, v. 25,

p. 196-206.

Yokel, F. Y., 1978, Guidelines for housing construction in minc subsidence
areas, in Saxena, S. K., ed., Evaluation and prediction of subsidernice:
American Society of Civil Engineers, p. 129-139.

Young, L. £, 1916, Surface subsidence in I11inois resulting from coal
mining: I11incis State Geological survey, Cooperative Coal Mining Series
Bulletin 17, 112 p. . .

Young, L. E., and Stoek, H. H., 1916, Subsidence resulting from mining:
University of Illincis Engincering Exporimental Station Bulletin 91,

205 p.

Zenc, M., 1269, Comparison of Bals's and Knothe's methods of calculating
surface movements due lo undergiround mining: International Journal of
Rock Mechanics and Mining Science, v. 6, p. 159-190.

49



