and extensions

by J.N. van der Merwe

Synopsis

Surface subsidence over coal mine workings received a great deal of
attention in South Africa in the 1990s with the increased prevalence of high-
extraction methods.

This paper updates and further develops previously published material,
based on new data and better insights. This can be used for mine planning
and for the evaluation of the long-term stability of the surface overlying
coal workings.

Instead of just a single profile of subsidence in the case of high-
extraction mining, upper and lower limits based on re-analysis of existing
data are given. An improved method to predict the expected amount of
subsidence in the case of pillar extraction is presented.

The predictions of the maximum amounts of subsidence and induced tilt
in the case of pillar failure are updated by additional information that was
obtained after the previous method was published.

A more realistic method for evaluating the possibility of sinkhole
formation, based on a truncated cone model of the cavity, is presented. With
the new model, two mechanisms of cavity arrest are evaluated, namely
choking of the cavity by bulking of the collapsed material and wedging out
of the cone before it reaches the surface.

A method to estimate the maximum width of subsurface erosion
cavities, which takes account of the maximum volume of the reservior for
the eroded soil as well as the strength of the overlying ‘lid’ of the cavity, is
presented.

These updates illustrate the need for periodic review of all empirically
derived methods.

Suggested default input values are presented but they should only be
used as a last resort.

Keywords
subsidence, sinkholes, subsurface erosion, pillar failure.

Introduction

The Lily Mine collapse in 2015, caused by the
failure of a crown pillar, highlighted the need
to pay more attention to the effects of
underground mining on the surface in South
Africa. This topic was of great interest in coal
mining in the 1990s, with the increased
prevalence of high-extraction coal mining
methods that invariably resulted in surface
subsidence. The subsidence and methods for
predicting it were described by several authors,
such as Wagner and Schiimann (1991), van
der Merwe (1991), and Canbulat et al.,
(2002). However, since that time, the matter
had been regarded as being under control and
very little further development took place.
Shallow underground coal mining (Z.e.
mining depth from 20 m to 200 m), such as
practiced in South Africa, can potentially result
in two different types of surface disturbance.
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The first is trough-like subsidence
characterized by relatively wide areas with
limited amounts of subsidence and gently
sloping sides, and the second is pit-like
subsidence, characterized by relatively small
areas, greater depths of subsidence, and
approximately vertical sides. Each of those can
be further subdivided, as will be described in
this paper.

The paper provides updates and further
developments based on previously published
material, incorporating new data and better
insights. This can then be used for mine
planning and for the evaluation of long-term
stability of the surface overlying coal
workings.

Most of the results presented in the paper
were derived empirically, or were at least
based on empirical observations followed by
further analyses. It is thus important to be
aware of the limits of applicability - depth of
mining 20 m to 200 m, mining height 1.5 m to
6 m, bord width 5 m to 7.5 m, and panel width
80 m to 300 m.

Trough-like subsidence

The situations that can potentially result in
trough-like subsidence are pillar failure and
high-extraction mining methods like short- or
longwalling or pillar extraction. This style of
subsidence is characterized by relatively large
areas of subsidence (approximately the same
size as the underground mined panels) and
limited depths of subsidence, less than the
mining height (see Figure 1 for examples).
The majority of subsidence profiles can be
classified as subcritical, meaning that the
profiles are not characterized by a flat portion
in the centre. According to Wagner and
Schiimann (1991) the critical panel width for
supercritical profiles (i.e. with a flat portion in
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Figure 1—Trough subsidence (left) and a sinkhole (right)

the centre) is between 1.7 and 3 times the depth of mining,
while van der Merwe (1991) quotes a figure of 2.5.

There are distinct differences between the trough-like
subsidence caused by high-extraction methods and that
caused by pillar failure.

Subsidence caused by high-extraction mining

High-extraction mining typically results in smooth
subsidence profiles with the vertical displacement less than
the mining height.

Vertical subsidence

In the case of longwall mining in the absence of a strong
layer such as dolerite in the overburden, the maximum
amount of subsidence, Sy, according to van der Merwe
(1991), is a function of the depth of mining, panel width, and
mining height and is given by

S, = [}.3%[%]0'32 (m) 1]
where & = mining height (m)
H = mining depth (m)
W = panel width (m).

Subsequent routine observations by the author at several
sites have indicated that for pillar extraction, Equation [1]
should be modified by the incorporation of a modifying
factor, fm:

£, = 0.85¢ 2]

where e is the areal extraction ratio, typically 0.75 or less for
pillar extraction.

The full expression for the maximum subsidence is then
0.32
S =039,k [%] " (m) (5]

where _fr, = 1 for longwall mining,

The ‘severity’ of the profile is classified according to the
Sm /H ratio, as given by van der Merwe and Madden (2010)
and reproduced in Table .

In the case of multiple seam mining, the subsidence
caused by extraction of the first seam is given by Equation
[3] while the additional subsidence caused by extraction of
the subsequent seams is approximately equal to the full
effective mining height of the additional seams (van der
Merwe, 1986).

Shape of subsidence trough

According to van der Merwe (1991), the shape of the half-
profile of the subsidence trough is described by

Sy = 0.55, {tanh [ — 1.645| + 1} (m) [4]

where Sy is the subsidence at a position .x from the solid
ribside measured toward the centre of the panel.

Inspection of the data on which Equation [4] is based
indicated considerable variability (see Figure 2). Upper and
lower limits were fitted to the family of curves derived by van
der Merwe (1991) and these are described by Equations [5]
and [6] respectively.
7.31x

w

5
Sectowery = 055, {tanh |22 _ 1.44] +-1} (m) [°]

7.73x
Sx(lupper) = 0.5s,, [tanh [ W

—2.146] + 1} (m) [6]

Table |
Relative severity of subsidence

Class Sm/H Description
A <0.001 Barely noticeable, smooth, continuous profile, hairline cracks
B 0.001-0.005 Difficult to notice, smooth profile, cracks 1 to 2 cm wide
C 0.005-0.02 Noticeable in flat terrain, smooth, cracks 2 to 10 cm wide, compression ridges 1 to 5 cm high
D 0.02-0.05 Noticeable in most terrains, visible vertical displacements across cracks, cracks 10 to 50 cm wide, compression
ridges 5 to 50 cm high
E >0.05 Severe profile, almost vertical sides, cracks wider than 50 cm, compression ridges higher than 50 cm
» 778 JULY 2018 VOLUME 118 The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 2—Upper and lower limits of expected subsidence fitted to the
original data in van der Merwe (1991)

It is considered more reasonable to state that subsidence
can be expected to be within the limits described by
Equations [5] and [6]. These equations can also be used to
evaluate the potential for further subsidence in the case
where subsidence has already occurred - if the measured
profile plots above the upper limit, it should be considered
that there is potential for further subsidence in the future.

Another use of the equations is to construct three-
dimensional plots of the subsidence, using the following
method.

» Calculate maximum subsidence S, using Equation [3]

» Construct a subsidence half-profile for the length of the
panel using either of Equations [4], [5], or [6]

» Construct successive transverse half-profiles, again
using either of Equations [4], [5], or [6], but using the
relevant Sy in that position for Sy, in the equation.

It should also be noted that for single seam workings,
meaningful subsidence from a structural point of view is
contained within the mined panel delineated by inter-panel
pillars, but that small amounts of subsidence do in fact occur
over the solid areas as well. Between 1% and 5% of the
maximum subsidence can be expected to occur directly over
the edges of the underground panel.

Related elements of subsidence

Vertical subsidence per se is of major significance only where
ponding may result. For all other purposes, the induced tilt
and strain are more important. Figure 3 shows a simplified
half-profile of a subsidence trough with exaggerated vertical
scale, where the induced strain and tilt are also shown.

The point of inflection is important in subsidence
engineering. It marks the position where half of the
maximum subsidence occurs, which is also the position of
maximum tilt and the position where the strain changes from
tensile at the edges of the subsidence profile to compressive
in the central region. It has been seen (van der Merwe, 1991)
that the point of inflection typically occurs at a lateral
position 0.23 from the solid edge of the underground
panel.

The maximum tensile strain — which is where surface
cracks can be expected - occurs at a position 0.121¥ from the
edge, and the maximum compressive strain — where
compression ridges can occur - at a position 0.36W.

The Joumnal of the Southem African Institute of Mining and Metallurgy

It has been shown (van der Merwe, 1991) that the
magnitudes of tilt and strain can be determined based on the
half-profiles of subsidence. However, due to the variability
inherent in subsidence profile shapes, the real magnitudes
are more variable than those predicted from the profiles. The
maximum values to be expected, empirically based on
measurement according to van der Merwe (1991), are:

Tilt:

T, =21.65, +7 (mm/m), [7]
Compressive strain:
£, =—9.1S, —2.8 (mm/m), [8]

Tensile strain:
Ems = 425, + 1.7 (mm/m), [9]

where Sy, is the maximum subsidence (in metres) obtained
by Equation [3].

Note that the magnitude of compressive strain is greater
than the tensile strain, which is characteristic of subcritical
subsidence profiles.

For certain structures the induced radius of curvature, R,
is an important parameter. It can be estimated based on
geometrical considerations by fitting a circle segment through
the edges and centre of a subsidence profile:

w

R=——75r
4sin[atan(%)] (m) [10]

Subsidence caused by pillar failure

There are distinct differences between the processes of
subsidence caused by high-extraction mining and that caused
by pillar failure (van der Merwe and Madden, 2010). The
resulting subsidence also differs. There is a scarcity of data
describing pillar failure subsidence, implying that the
subsidence is predicted with lower confidence than that for
high-extraction mining. The scarcity of data is due to the fact
that pillar failure is a rare occurrence, with an estimated 0.3%
of bord-and-pillar panels having failed in South Africa, based
on information in van der Merwe and Matthey (2013). It is
also not possible to know beforehand where and when such
failures will occur, and consequently accurate elevations of
the pre-failure topography can rarely be obtained.
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Figure 3—Idealized half-profile of a subsidence trough with
exaggerated vertical scale
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Previously, indicative data by MacCourt, Madden, and
Schiimann (1986) was used to estimate the magnitude of
subsidence that can be expected in the event of pillar failure.
Their data has since been supplemented by new cases and
the new database was re-examined (see Figure 4). The data
is presented in Table II.

Subsidence due to pillar failure

It was found that the maximum subsidence is related to the
equivalent mining height, /. (.e. the product of physical
mining height and extraction ratio) and depth of mining, #,
as follows:

a.669"¢/,,

S he
0.068+ ¢/

(m). [11]

mpf =

Tilt due to pillar failure
The maximum tilt was also found to relate to /. and A (see
Figure 5). The relationship was found to be

1.36

[12]

T,, = 8036 (he/H) (mm/m)

Effect of a dolerite sill

Subsidence may be arrested by the presence of a thick,
strong layer in the overburden that is capable of bridging
across the mined panel. In South Africa, dolerite sills
frequently occur in the overburden and have received
attention in this regard. Dolerite is known to be vertically
jointed, and based on a modified key-block mechanism, van

Subsidence
~

« Actual

—Predicted

0 0.02 0.08 0.06 0.08 0.1 012 0.14
he/H

Figure 4—Pillar failure subsidence

Tilt vs he/H

Maximum Tilt (mm/m)

0.1 0.12 0.4

Equivalent Height / Mining Depth

Figure 5—Maximum tilt for pillar failure subsidence

Table Il
Database of subsidence caused by pillar failure. The amounts of subsidence and tilt are estimates
Pillar Bord Mining

Case Coalfield Seam Depth width width height Subsidence Tilt Extraction
(m) (m) (m) (m) (m) (mm/m) (%)

1 Witbank 2 70 7 6 3 1.8 135 71

2 Witbank 2 60 7.5 6 3.6 2 129 69

3 Witbank 2 62 6.1 6.1 4 2.6 197 75

4 Witbank 2 60 7.5 6 2.2 120 69

5 Witbank 2 25 6 7 3.6 2.2 373 79

6 Witbank 2 25 6 7 3.6 2.8 350 79

7 Witbank 2 34 6 6 3.4 29 321 75

8 Vaal Basin Top 104 115 6 3 0.3 11 57

9 Vaal Basin Top 47 5.9 6.1 3.2 2 102 76

10 Vaal Basin Top 51 6 6 2.2 61 75

11 Vaal Basin Top 46 6 6 3 2 102 75

12 Vaal Basin Top 90 9.1 5.9 25 1 ? 63

13 Vaal Basin Top 98 9.8 6.3 3 0.5 20 63

14 Vaal Basin Top 60 9 6 3.5 0.8 78 64

15 Vaal Basin Middle 152 12.2 6.1 2.6 1.2 ? 56

16 South ? 160 15 6 6 0.6 12 49

17 South ? 170 15.4 6 1.8 43 48

18 Vaal Basin 2 63 12 6 2.7 11 ? 56

19 Vaal Basin 3 110 12 6 2.7 0.5 ? 56

20 Highveld 4 65 8.7 6.8 15 ? 68

21 Witbank 4 36 6.1 7.6 6 3.6 577 80
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der Merwe (1995) derived the following expression for the
minimum span required to result in sill failure:

L=f [21" [2 + g +2(H — D)tan(p] (m) [13]

y = 0.0252=L + 032 [14]
0 D

p=23_08 [15]
¥

Equations [13] to [15] can be used to plan panel widths
in order to control the state of the sill. The temptation to
design for an intact sill in order to prevent subsidence from
occurring over the long term should be avoided, as cases
have been known where the sill was initially intact but failed
several years after mining.

Sinkhole subsidence

Two sub-classes of subsidence are discussed under this
heading. The first is sinkholes caused by progressive roof
collapse from underground, which results in the sudden
formation of a sinkhole when the cavity reaches the surface.
The second is the occurrence of much smaller sinkholes
caused by subsurface erosion, which is a consequence of
trough subsidence that only manifests after a period of time
ranging from months to decades.

Progressive roof collapse

This mechanism is described in Canbulat et al., (2002), who
derived an equation for the maximum height a cavity can
reach before it is arrested by the increase in bulking from the
collapsed material. Their equation, however, is only valid for
a sinkhole with diameter equal to the width of bord
intersections underground and for cavities with vertical sides.
Neither condition is necessarily true.

A simplified cross-section of a cavity choked by rubble
from the collapse is shown in Figure 6. It shows the cavity as
a truncated cone, as opposed to a cylinder.

For the cavity to be choked by bulked rubble from the
roof collapse, the bulked volume A in Figure 6 must be equal
to the sum of volumes 4, B, and C. Therefore,

K(Volume A) = Volume A + Volume B + Volume C[16]

or
Volume B+Volume C [17]
Volume A

K=1+

where X is the bulking factor.
Then,

2 2
Volume A = é[n—(f{:’}) Zy — %(zm - z)]

[18]
= %[(fDB)sz - D:E(zm - Z)]

where _f = ratio of bottom of sinkhole diameter to bord
width (i.e. for sinkhole diameter equal to
intersection width, /= 1.414)
Dp = bord width
z = height of choked volume
zm = maximum height of cavity when it wedges
out
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Dy, = diameter of top of choked cavity

Volume B = hDj [19]
where /4 = mining height
Volume C = Volume € =4 (% hZDHcota) = 2h%Dgcote [20]

where o = angle of repose of collapsed material.

Where the pillars are small, it is possible for the toes of the
collapsed rubble to touch, restricting the volume available for
the bulked material in the roadways — see Figure 6a. This can
happen where the pillar width, w, is less than /coto.. In that
case, Equation [20] should be substituted with

Volume C = Dy (2wh = w; tana) [20a]

Equation [20a] should be used with caution as it is valid
only if adjoining intersections collapse at the same time and
extend at the same rate. Experience indicates that adjoining
sinkholes very seldom form at the same time.

Also.
— JPB 21
Zm = 2tang [21]
and
D, = fDg — 2ztang. [22]

where ¢ is the caving angle.
Substitution of Equations [18] to [22] into [17] results in
a cubic expression for z, which is easiest to solve by

Surface

b Weathered zone

Zm

L]

Volume Cf4 Dy a

Figure 6—Simplified cross-section through a cavity caused by roof
collapse

V2207
Intersection

77777777775

Volume C/4

\ Volume C/f4

Figure 6a—Simplified diagram showing touching toes of rubble
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iteration. This is a much more complex equation than the one
given in Canbulat et al. (2002), but is relatively easy to solve
with commonly available calculation tools like Microsoft
Excel®. This procedure allows for two mechanisms of
termination of cavity growth, namely wedging out or choking
by bulked roof material, and it is more generic as it allows for
any inclination of the cavity sidewall or diameter of the
cavity.

The maximum height of the cavity is then the smallest of
Z obtained with Equation [17] (termination by choking) or z
obtained with Equation [21] (termination by
wedging out).

The intuitive method is to adopt the conservative
approach by assuming vertical sidewalls and then using the
original Canbulat ef al., (2002) equation as it may be
believed to represent the worst case. However, the cavity will
in fact progress higher with inclined sidewalls than with
vertical ones, and therefore the conservative approach is to
use Equation [17]. The higher the cavity, the smaller the
diameter of the hole at its upper end.

If the maximum height of the collapse reaches the bottom
of the weathered rock or soil on surface, it should be
assumed that a sinkhole will develop. It is then merely a
matter of time before the soft materials collapse or are
washed into the hole underneath.

This approach can be further refined by considering the
stability of the ‘lid’ of the sinkhole in the case where the
cavity is completely filled before reaching the bottom of the
weathered rock. For this, it is considered that the ‘lid’ is
loaded by the rock and soil above. The tensile strain then
developed in the ‘lid’ is similar to that for a circular plate
clamped around the edges (not, as previously assumed, a
beam).

Then, the tensile stress developed in the plate is

_ 3D [23]

a
T

P = [Psoriagti + Psoirgtw] [24]
t,=H—-h—-z—t, [25]
_ 3[psoliadti+PsondtwlDf 26
o 16t} [26]
,
Safety factor = % [27]
where p = unit distributed load on clamped circular plate
psolia = density of solid rock
psoit = density of overlying soil
or = tensile stress generated in lid (clamped circular
plate)
om = tensile strength of lid
tw = thickness of weathered material on top
4 = thickness of unweathered rock above top of
collapse cone.
Bulking factor

All the equations used for estimating the height of collapse
are sensitive to the bulking factor. A commonly used guide is
the one from Canbulat et a/., (2002), contained in Table III,
which originated from two older publications, Steijn (1983)
and Wagner and Steijn (1979), reported in Sweby (1997).
The data originated from measurements in longwall goafs,
which can be expected to be different from collapses in a
more confined area, such as a roadway intersection collapse.
Less rotation of the broken rock and thus lower bulking
factors can be expected in the latter case - this is borne out
by observation of rubble at roof collapse sites (see Figure 7).

This is the only data gathered in South Affica to date, but
it should be used with caution; using bulking factors greater
than 1.25 are not advised and the conservative approach, in
the absence of measured data on any specific mine, is to use
a value of 1.1.

A comprehensive overview of bulking factors worldwide
is given by Ofoegbu, Read, and Ferrante (2008). However,

Table Il

Bulking factors observed in longwall goafs (after Sweby, 1997)

Lithology Coal Silt Carb. Shale Sandy Shaly Coarse Fine
mudstone shale shale sandst. sandstone sandstone
Bulking factor 1.3 1.1 1.15 1.2 1.25 1.3 14 1.5

Figure 7—High-extraction goaf with rotation of debris and high bulking (left), contrasted with less rotation and less bulking of debris from a roof collapse

(right)
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almost all the data presented is relevant to longwall mining
goafs or bulk mining methods. A very wide range of bulking
factors for the same rock types is reported, which highlights
the need for local observation. Esterhuizen and Karacan
(2007) used analytical methods to predict bulking factors
based on the ratio of block size to collapse height. They
found that as the fall height decreases towards the top of the
collapse zone, the bulking factor decreases. This finding
supports the notion that lower bulking factors may be
expected at lower mining heights for the same rock types.

The above two findings lead to the conclusion that it may
be misleading to use generic bulking factors and that local
measurement at roof fall sites should be the preferred method
to determine the input parameters.

The caving angle, ¢

The conical collapse model is sensitive to the caving angle. If
possible, this should be determined by observation at roof
collapse sites or existing sinkholes. The only existing data in
the public domain comes from longwall goaf observations,
Sweby (1997) (see Table IV). Sweby (1997) remarked that
the caving angle tends to be steeper for weaker rock masses,
but did not quantify this statement — most probably due to
lack of sufficient information.

Note that in all cases, the caving angle is shallower where
the dolerite sill has not failed, presumably due to the
restraining effect of the intact sill at the top of the cavity.
Observations at roof collapse sites over several years tend to
support the caving angles given in Table IV, but this type of
observation can be misleading as such observations are
usually made very soon after the collapse occurred and the
possibility that the angles may become steeper over time
cannot be ignored.

Figure 8 illustrates the effects of bulking factor and
caving angle on the maximum height of the cavity based on
the conical model. It was constructed for a case where the
bord width was 6 m and the mining height 3 m. It is seen
that for a vertical caving angle (caving angle 0°), the height
of the cavity decreases with increasing bulking factor. For
small caving angles, the height of the cavity increases with
increasing caving angle, reaching a maximum at the point
where the termination mechanism changes from bulking to
wedging. From that point onwards, the caving height
decreases with increasing caving angle and the bulking factor
is no longer relevant.

This may explain why sinkholes are rarely experienced at
mining depths of more than 20 m. It would appear that the
caving height of roof collapse is controlled more by the

Table IV

Caving angles measured at different sites (based
on Sweby, 1997)

Colliery Dolerite unfailed Dolerite failed
Sigma 24-45° (average 27°) 13-18° (average 16°)
Coalbrook 18-22° (average 16°)
Bosjesspruit 38-51° (average 43°) 24-43° (average 29°)
DNC 17-21° (average 20°)

Brandspruit 18-28° (average 25°)
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caving angle than by the bulking factor. This also emphasises
the need for site-specific observation and measurement
rather than relying on estimated or generic values.

Subsurface erosion (SSE)

Subsurface erosion (SSE) is a time-dependent phenomenon
that occurs around the perimeter of trough subsidence after a
period of a year or more, sometimes up to 100 years after
mining. It appears at the positions where tensile cracks
formed as a result of the tensile strains caused by trough
subsidence.

SSE develops by a process whereby soil is washed into
cracks in the upper rock layers, resulting in a subterranean
cavity that eventually collapses, forming a small sinkhole.
This type of sinkhole is distinct from classical sinkholes
caused by underground roof collapse. SSE sinkholes tend to
be smaller, usually less than a metre in diameter - although
in exceptional cases holes more than 5 m diameter have also
been found. A superficial description of the phenomenon is
contained in van der Merwe and Madden (2010). However,
that description does not include sufficient detail of the
process to enable one to isolate the critical factors. More
detail is given in the following paragraphs.

For SSE to occur, the following are required:

» Erodible soil

» Crack in rock (reservoir for eroded soil)
» Layered soil (e.g. clay and sand in layers)
» Transport medium (water).

Based on observation, the end result is a cavity with
cross-section as shown in Figure 9.

Maximum width of cavity based on volume considerations

Based on volume comparison, the volume of eroded soil in
the crack must equal the volume of the cavity in the soil.
Then the maximum width of the sinkhole, provided the lid is
strong enough to span across the cavity, is given by:

|
- s wetana + &, — t — \I[— 1y wetana — ¢, + t,-)z — tana( 1/, wiana + tow,) [28]
- 1

Wi
/5 tana

where wy = cavity width

Caving Height for Different Caving Angles and Bulking Factors

120 —BF=12
—BF=11
100 BF =13

80

Caving Height (m)

60

o 5 10 15 20 25
Caving Angle (Degrees)

Figure 8—Cavity height as a function of the bulking factor and caving

angle, for an example where the mining height was 3 m and the bord
width 6 m
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Figure 9—Cross-section of SSE sinkhole

ts = soil depth

t; = thickness of the lid

tc = depth of crack

we = width of crack

a = angle of internal friction of soil.

Equation [28] is the complete expression of the width of
the cavity. It has been seen that it is relatively insensitive to
the angle o.. Using a value of o = 0, the cross-section and the
equation for the maximum width are greatly simplified (see
Figure 10).

The expression for the maximum width of the cavity is
then:

_ wele

wy = ﬁ [29]

Equation [29] yields practically the same results as
Equation [28] if small values for o are used.

The soil depth is to be taken as the thickness of the
bottom transportable layer if the soil is layered. It is not
necessarily the full depth of the soil to the top of the rock
contact. In several cases, the soil will consist of successive
layers of sandy and clayey soils.

Maximum width of cavity based on strength of lid

In most cases, the cavity will collapse to surface before the
maximum width, as given by Equation [28] or [29], is
reached, because the upper soil layer does not have infinite
strength. Two modes of failure of the upper lid have been
observed, namely long, square plate failure (simplified as
beam failure) and circular plate failure (see Figure 11).
Circular plug failure (in shear mode) is also possible but will
occur only in rare instances.

Shear plug failure

The load resulting in failure can either be merely the weight
of the lid itself, or a point load such as a person or vehicle, or
both. The expression for the maximum radius based on
consideration of the load on the lid is:

_2mtC+(2mt C)2—4Ftpgm 30
B 2t pgm ) [50]
where C = cohesion of the lid material (kPa)
p = density of the material (kg/m3)
F = point load (kN).
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Simple beam failure

The maximum width of the cavity based on a combined
loading system of a uniformly distributed load and a point
load is given by

HF ( ) "cp_gac
1.5

f

(m) [31]

Circular plate failure

For this failure mode, based on the fundamental
consideration of tensile stress developed around the edge of a
clamped circular plate with a combination of a uniformly
distributed load and a point load, the radius of the plate
resulting in failure is easiest found by iteration of the
equation

o0=5 [(1 +v) (0485In7/, +.52) + 48] % (m) [32]

where o = tensile strength of the upper layer making up
the lid of the cavity
y = unit distributed weight (pgt;).

Pl

Sail

Rock

Figure 10—Simplified cross-section of sinkhole with a = 0

Slyéhs failure -

Simple beam fafure

Figure 11—Failure modes of the upper lid layer
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The procedure for using the equations in this section is to
firstly calculate the maximum width of the cavity using
Equation [29] and then check the effect of the strength of the
lid with Equation [32]. The reason for using Equation [32]
for the lid evaluation is that the first failure is invariably
circular (see Figure 12), with the beam-type failure following,
linking up the circular failures.

Typical input values

Equations [29] and [32] require a number of input values
that are not always easy to determine. The following
guidelines may be used.

» Crack width, w,. The beacon spacing used for the
subsidence research described by van der Merwe
(1991) was 5 m, and consequently the total elongation
at the positions where the maximum tensile strain
occurred was 5 x maximum tensile strain (see Equation
[8]) or 215 + 8.5 (mm). It is reasonable to equate this
to the crack width in the rock.

» Crack depth, ¢. It has been seen that the cracks in the
rock are not necessarily continuous, but are often
laterally displaced on bedding planes. This means that
the cracks are unlikely to extend in a straight line all
the way down to the goaf. Back-analysis of known SSE
cavity widths tends to indicate that a maximum
continuous crack depth of 25 m is reasonable to use.

» Soil depth, &. This is measurable, but it should be
borne in mind that the depth to use is the thickness of
the more transportable soil layer closest to the rock.

» Lid thickness, ¢. This is likewise measurable and
would typically be the thickness of an upper clayey
layer (if it exists) or the thickness of the upper soil
layer which is compacted by animal or human
movement and strengthened by grass roots. If in doubt,
use a value of 0.1 m.

» Poisson’s ratio of soil, v, (Bowles, 1996):

Clay, saturated: 0.4 to 0.5

Clay, unsaturated: 0.1 to 0.3

Sandy clay: 0.2 to 0.3

Silt: 0.3 t0 0.35

Sand, gravelly sand: 0.1 to 1.0 (not elastic, but 0.3 to
0.4 commonly used)

Figure 12—Early stage of SSE development (left), illustrating the
circular initial collapses, and the mature development (right) a few
months later
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» Tensile strength of lid, o... Where the lid consists of
constructed material like a concrete slab or a road
pavement, this parameter is measurable. If it is soil, it
can be likened to a fibre-reinforced soil (effect of plant
roots), in which case a tensile strength of 50 kPa to 80
kPa appears reasonable to use (Li et al., 2004).

Although a detailed study using the default input
numbers shown has not been undertaken, the results
indicate reasonable agreement with observations at
subsidence sites in the Vaal Basin and Highveld coalfields.
The default values with a soil thickness of 1 m and point load
of 80 kg indicated a cavity width of approximately 1 m,
comparable with the examples shown in Figure 12.

Conclusions

A number of updates of procedures commonly used to
evaluate the stability of the surface overlying coal mine
workings have been presented.

Instead of just a single profile of subsidence in the case of
high-extraction mining, upper and lower limits based on re-
analysis of existing data are given. This makes it possible to
evaluate whether more subsidence can be expected in places
where subsidence has already occurred, and also to predict
the expected limits of subsidence in new mining areas. An
improved method of predicting the expected amount of
subsidence in the case of pillar extraction is also presented.

Predictions of the maximum amounts of subsidence and
induced tilt in the case of pillar failure are given, based on
analysis of an improved database that incorporates additional
subsidence cases that occurred after the previous method was
published.

A more realistic method of evaluating the possibility of
sinkhole formation is presented. This is based on the
truncated cone model as opposed to the previously used
cylindrical model. With this model, two mechanisms of cavity
arrest are evaluated, namely choking of the cavity by bulking
of the collapsed material and wedging out of the cone before
it reaches the surface.

A method to estimate the maximum width of subsurface
erosion cavities is presented for the first time. This takes
account of the maximum volume of the receptacle for the
eroded soil as well as the strength of the overlying lid of the
cavity.

These updates illustrate the need for periodic review of all
empirically derived methods. As time goes by, databases
continue to expand, resulting in progressively better methods
of prediction. Improved methods of prediction also arise from
better understanding of the processes involved.

The equations presented in the paper are more complex
than those previously used, but no specialist software is
required for the calculations. All can be performed easily with
commonly available tools such as Microsoft Excel™.

Suggested default input values are presented but should
only be used as a last resort. For instance, the caving angle
and bulking factor are crucially important for the prediction
of sinkhole formation. Very few, if any, mines would have
this information available, but both these factors are
relatively easy to obtain by observation at roof collapse sites
underground.

To quote Steve Crouch, co-developer of the boundary
element methods of analysis: ‘If you are going to guess the
input, why not just guess the answer?’
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