











































































































































































































































































































































































































































































































































































































































































































The ten diamond drill cores from which the test samples were ohtained,
were selected at random from the discard pile of a producing mine,

The samples were clasglfled Into three groups based on their structural
relationship, A geclogisi's report describes all these samples ag belonging in a
zone of hybrid norite or micronorite structurally related to a domed banging-wall
oontact. The zone consiste of noritic brecclas; very fine grailned noritic to
granophysic rocks, usually with quartzo-feldspathic rags and granulated patches.

The samples can be roughly clasgified into three groups as sbown In
Table 1,

TABLE 1

Idealized Clasgification of SBamples
Indicating Structural Relationship

Group General Clasgification Sample Nos.
I Femic Norite, 1, 4,5, %, 8,9
Hangingwall
I Norite Breccia, 2, 6, 10

Contact Zone

II1 Micronorite, Hanging- 3
wall

A more detailed description of each one of the samples by number is given in
the Appendix,

Experimental Equipment and Procedure

The maln components of the apparatus are represented schematically in
Figure 1. The equipment was designed In accordance with the details laild down
by Obert, Windes and Duvall (3) and the general procedural and analytical details
given by them are applicable. A brief description of the function of each one of
the main components follows,

A beat-frequency osclllator is used, and produces a consiant voltage
slgnal that can be varied from 0 to 20,000 cpe. It hag a provision, uging the

damplng factors of rocks, corresponding to a particular mode of vibration,
which can be measured.

The power amplifier enhances the signal from the osclllator.
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The cutting head (transmitter) changes the electrical signal to a mech~
anical vibration and transmits the vibration to the specimen.,

The pick-up cartridge (receiver) needle is moved by the mechanical
vibration of the specimen and a small clectrical signal is produced in the cart-
ridge. A variable reluctance cartiridge is generally used, but the authors find
that a ceramic cartridge produces a much larger signel,

The preamplifier 18 designed to amplify the plck-up signzl and to filter
out the low frequency noise that may have been transmitted.

The voltmeter indicates the magnitude of the pick-up signal. When
resonance occurs, the slgnal 1s 2 maximum. If the peak is high enough above
the background noise, the band width of the peak can bedetermined. This band
width is determined when the frequency 1s moved in both directions off the
regonance frequency and the volimeter reglsters a drop of 3 decibels In each
oage.

The dual-wave oscilloscope used I8 useful in determining which resonant
peak is the fundamental, The signals are taken from the beat - frequency oscilla-
tor and volimeter outputs,

Figure 2 shows the sonic equipment as it looks when testing a sample,
Figures 3 and 4 show the details of the pick-up end of the apparatug; one without
and the other with the dual wave oscilloscope. Fipure 5 shows the details of the
transmitter end of the arrangement.

Generally, a drill core sample ig halanced at its centre on a V-shaped
stand, The vibrational energy is applied at one end of the sample and is picked
up at the other end, An increment dial, provided on the oscillator, gives fine
readlngs of + 50 cps that can be taken at any frequency setting of the main dial,
Thig increment dial is used only after a resonant peak is found,

For each sample, the resonant frequency, giving the hest deflection of
the voltmeter Indicator needle, is read from the oscillator dial,

The bandwidth of the resonant peak, used to calculate Af and hence the
mechanical quality factor 'Q! is found by turning the incrernent dial off the reso-
nance frequency posltion in either of the two directions until the voltmeter read-~
ing 1s 3 decibele legs than the peak reading in each cage. The sum of two read~
ings on the inerement dial gives the velue of Af.

The equipment can be used for measurements in each of the fundamental

longitudinal and torsional modes, The measurements made during this
Investigatien pertain only to the longitudinal mode.
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TABLE 2
Results of Sonlc Tests

Sample 1 ) f Af Q c w k -« Ea E T 7
No. ! X105 | xi0™* x10~% ) xioll i s:cl:!ss x10®
x1ol! | x10
1 29,92 2,81 T.4 120 61.6 4,43 4,65 » 1050 B. 32 5.54 1,38 5.31 7.34
2 30,65 2,80 9.0 55 183.6 5.52 5, 65 .1023 3.13 8.51 2,13 11,12 23.7
3 30,65 3.12 Be 8 110 80,0 5,41 54525 .1023 6,39 9,04 2.26 5.82 13.15
4 30.48 2,92 8.4 o7 86.6 5,13 5. 275 . 1030 5. 96 7. 66 1,52 €.56 12,6
51 30,73 2,90 7.9 100 79,0 4,85 4,96 L1021 8,51 6,86 1,72 1,37 10,8
6 30,65 2,85 9.4 28 335.7 5.76 5.90 .1023 1.524 5,40 2,35 22,80 53. 6
7 30. 65 2.84 8.2 89 92,1 5,03 5«15 «1023 5.58 7.18 1,79 7.13 12.8
8 30.73 2.91 BT 87 100 5,34 5,46 .1021 5.11 8.39 2,10 T.25 15,2
9 30,65 2,87 8.5 97 B7.8 5,22 5,34 . 1023 5, 84 T.77 1.94 6.58 12,75
10 30,73 2,82 9,2 46 200 5.59 5.775 1021 2,565 9,05 2,26 13.90 3.4
LEGEND:
1 = length in om;
p = density in gm/ec;
f. = resmance frequency in the longltudinal mode, keps;
.f.\.]f = damping factor, cps;
Q = Mechanical quality factor, Equation 7
¢ longlitudinal velocity = 21f1 , cm/Bec;
w = 27rf1;
k = /o
« = the coefficient of attenuation;
Ex = c¢2p, gm/cm?2y

Eg = Eg/4, gm/em?; ,
n = coefflcient of equivalent viscosity, dyne sec/em®, (polses)



Resuvits

Table 2 gives the reeults of sonic tests, performed on 10 samples,
along with subsequent calculatlons leading to values of the coefficient of equi-
valent viscosily, =». All the results are recorded In c.g. s, units,

f; (which is equivaient to f, in Equation 7) and Af were measured for
cach sample, from which Q's were calculated, using Equation 7. Velocities in
the fundamental longitudinal mode were calculated using the relationship ¢ = 21f1.

w and k were calculated as shown at the end of Table 2. Equation 8 was
then used to evaluate «='s the coefficients of attenuation,

E « was first calculaied as shown in Table 2, and then in accordance
with some fmplications of the work due to Terry and Morgans (8) Es's were
calculated as E « /4. Tpy's were determined by using Equation 6. Finally,
Equation 2 was used to determine #'s.

Discussion

The resulis are of preliminary nature but compare readgonably well with
those obtained by the first author {1863) concerning solld structural viscosity of
Queenston limestone, The latter were in the 10” poises range, This agreement
was not really desired since the structural viscosity determinations involved
application of loads of the order of 1,500 psi and the present work is under
no-load conditions, Moreover, different rock types are involved. This makes
the agreement all the more undesirable, The only tangible explanation for this
agreement can be derived from the fact that Queenston limestone is relatively
young and has undergone no intensive penetrative deformation, This would
account for the low structural viscosity of the limestone. If the coefficient
of equivalent viscosity is determined for this limestone, it should fall in a
range much lower than 108 polses range, encountered for the rocks used In this
Investigation,

It is hard to talk about the mechanism of Internal friction from the above
results, In general, howevcr, it is known that two dissipative processes are
involved, and are roughly the counterparts of viscosity losses and thermal con—
duction losses In the transmission of sound waves through solids, On a molecular
scale, the explanation of viscous effects in sollds ig not well understood. This
is because the types of microscopic processes resulting in the dissipation of
mechanical energy into heat are not too well understood, It seems probable that
the rock packing patterns play important part in diesipation of mechanical energy.
The grain size and shape In a rock, the percentage composition of rock, the pore
water, and the number of contact points between grains per unit length of a rock
sample aTre some of the other factors bearing on dissipation of energy,
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It appears from the work done by Terry and Morgans (8), by the first
author (1963, 1965) and from the results presented in this paper that a suitable
coefficient of solid viecoslty can be experimentally determined. It goes without
saying, however, that more work is required In this area before a standard
method can be evolved for such determinations.

The guestion now 1s about the possibilities of the practical applications
of a cocfflcient of solid viscosity, In structural engineering, generally, a plastic
design is arrived at for the structures that are acted upon by constant, time-
dependent loads., The plastic deslgn Involved takes Into consideration the material
behaviour within a range of loads of Interest, However, the materials Involved
in the type of deslgn under discussion, have been more thoroughly investigated
than rocks., Compared to these materials, 1t will be difficult to establish similar
plastic design parameters for rocks since they are not man-made materials.,
The known structural design criteria cannot, therefore, be appliled to rational
deslgn Involving rocks.

Rocks are known to behave ag viscoelastic materlals, The deslgn para-
meters should, therefore, depend on viscous and elastiec moduli., A complicated
functional can be set up, which would combine the effects of shear modulus,
Young's modulug of elasticity and the coefficient of solld viscosity. This function-
al could he a useful criterion in the design of time-dependent structures Involving
roeks, e.g,, an underground mine opening with regard to its dimensions, a
bullding foundation and a Jarge earth dam, In view of the work done so far, it
eppears that incorporation of a coefficlent of solld viscosity into structural design
In rocks will be a worthwhile contribution since it will produce more realistle, and
more functional structures,

Conclusions

The conclusions concerning the work prescnted in this paper can be
briefly stated aa follows:

1. A coefficient of eguivalent viscosity of rocks can be determined by
sonic means, The parameter 1s In fact the internal friction of rocks,

the mechanism of which I8 not too well understood.

2. The rock viscosity, If determined realistically, can be a future
criterion i structural design Involving rocks and rock-like matcrinls.

3, There 13 a need for a standard method for the determinination of a
coefficient of solid viscosity,
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Appendix

Description of Diamond Drill Samples for Sonic Tests

Sample No, Description
1 Quartz diorite breccia, or hrecciated dark

norite, containse 50% norite fragments, The
remalnder is plagioclase - rich groundmasa,

2 Plagloclage —~ rich materlal replacing possibly
granulated, medium-grained norite breccla, One
glip plane, containg minor sulphides and mingr
ultramaflc fragments.

3 Fine to very fine grained, massive, ultramafic
{peridotrite), peridotite asacclated with norite
Intrusion,

4 Brecclated ultramafic fragments in plagioclase

= rich groundmasg, Groundmass has igneous
texture, 50% to 55% ultramafic fragments,

5 Brecciated ultramafic, fragments of ultramafic
compogition in plagioclase - rich groumdmass,
Fragments approximately 28%.

6 Brecciated ultramafic within plagioclase - rich
groundmags approximatcly 35% to 40% ultramafic
fragments,

7 Fine-grained, mussive, ultramafic, Minor plagloclase
intruded.

8 Medium—grained norite. Minor grancphyre,

235



Sample No, Description

8 ¥ine to medium-grained, brecciated norite in

plagioclase - rich groundmass, Norite representa
approximately 55% to 60% of the rock,

10 Plagioclase - rich material replacing granulated

1

(2)

(3)

)

(5)

(6)

M

(8)
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medlum-grained norite. Minor sulphldes; several
stringers of very denre, mafic material,
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Geologists have simplified the study ol joint patterns by wsing the cqual
area net, a gort of three-dimensional protractor, which permils the invesliga-
tion of planar surfaces, cvaluation of the angular relationship belwecn them ,
and detcrminatlion of the orientation of the lines of intersection between them

The evaluation of a series of planar surfaces or joints by the cqual
area net ig further simplified by the polar plotting technigue in which any plane
is reprcsented on the cqual area net by a point. This point on the net surface
represents the poinl where a line perpendicular to the plane io be plotied pene-
trates the lower surface of the hemisphere from which the net is constructed.
Polar plotting could be lernied a reverse plolting technique becausc it produces
mirror images on the net of the planar patterns to be studied.

Using this technigue any number of planes plotted on the net are re-
presented as points which can readily be contoured (Figure 1). The Inler-
national Nickel Company’s computer stall simplilied the ploiting by writing a
Fortran program which plois the joints, evaluates the polar muaxima, then ob-
tains the orienfations of the lincs ol interscction between any pair of maxima,
The polar plots, the maxima, and the joinl intersection lines arc then printed
out an an equal area projection by the machine.

In this study it was [ound that the normal contour nicthod produced only
from iwo to five maxima. These were considered inudequate because they did
not make full use of the zonal distribution of points in lhe polar diagram (Figure
1). Furthermore, it was necessary to aller the conventional contouring method
to adapt it for computer plolling on a 1132 printer. It was therefore decided to
divide the plotting area on the printer inlo squares and to count the number of
points falling in any one square. If this number exceeded a predetermined
minimum then the squarc comlained a maximum ., whose location was then printed
out by the printer (Figurc 2}. :

Geologisis refcr the elements of the rock Tabric, which includes the
joint patterns in the rock, to three orthogonal axes a, b, and ¢, whosc spatial
distribution falls into any one of the four patterns shown in Figure 3. In rocks
the [abric patlerns are generully either monoclinic or iriclinic.

It was decided to accept the geologic definitions which rule that:

1. the b-uxis is the line of inlerscction between any two prominent
planes and also the axis of rolation:

2. the a-b plane is the most prominent plane of the fabrie.

It was found Lhat these two definitions could be expressed statistically
on the net, because the lines of inlerscction beiween any two joints, or joint
maxima, derived from the polar diagram shown in Figure 1, intersect in a
restricted area, and mmany more intersect in a belt or zone which containg most
of the restricted area. In fact approximately 20to 35per cent of the total points
describing lines of intersection in the diagram fall in the so-called restricted
area, and between 40 and 55 per cent fall in thcbelt thatcontaing the resiricted
area (Figure 4).
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It was thcrefore decided to define the restricled arca as the b-axis of
the rock fabric, and the belt as the a-b plane.

In Figure 4 thc b-axis und the a-b plane arc rather obvious. Uowever,
in some joinl interscetion diagrams they are more diflicult to determinc, and
the fellowing procedurc is used to define the b-axis (Figure 5):

1. The centre of the point scealter pattern is first determined by
median distribulion counts. Wilh this point as centre a circle
ig drawn to surround 70 per cent of the points in the diagram
{Figure 9).

2. The centre of the scatter pattern of poinis within this circie is
redetermined. With this point as centre a second circle is
drawn Lo surround 65 per ccent of the points within the first circle.

This second circle is then taken to conlain within it, all meaninglul
variations in orientation of the b-axis of the fabric examined, and the centre of
the cirele is taken to be the b-axis.

The belt which contains the grealest concentration of points and which
also passes through the second circele is then taken to represent the a-b plane
of the fabric.

As soon as it was found that rccognizable fabric patterns could regu-
larly he obtained in this way, it was decided to map a relatively undisturbed
drifi cutting through the hangingwall rocks and to examinc the fabric patterns in
the drift. The drift was divided inlo 20-ft-long units and all the joints in each
unit were mapped and recorded separately. A lotal length of 600 ft was mapped
in this manner and it was found that:

1. Promincnt, weak, and small joints all belonged to the same family.

2. The preferred lincs of intersection (b-axes) in successive units
were similar bul not nccessarily the same,

3. Wherever shearing was noted in the drifi lhe pattern of the b-
axcs in adjacent units was markedly different.

The mapping of an cquivaleni length of drift through the footwall rocks
gave similar results, When the overall patiern in thesc two rock members was
comparcd (Figure 6}, it immediately became apparent that their [abric patterns
were almost identical. It was ihercforc decided to treat the contacl region
between the hangingwall and footwall rocks as one structural domain, in spite
of their difference in age and physical properties.
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This observation was considered significant hecause:

1, Most of the ore in the Sudbury district occurs in the vicinity of
the contact between thesc two rock types, the rocks of the
Sudbury nickel irruptive and the footwall rocks,

2, It became apparent that it mighl be poasible foc evaluate the
structure of the rock envelope surrounding the ore and therchy
gain some knowledge of its manner of failure.

These two deductions invited further study because, from a rock
mechanics point of view, they defined ceriain critical parameters in the rcla-
tively complex framework of the rock envelope surrounding the ore. Accord-
ingly the rock envelope at ohe of the mines was studied by mapping all the
available access headings to an orebody. On the level selected only lwo drifts,
which flark the ore, wcre sufficiently free of timber to pcrmit delailed mupping.
These 1wo drifis were again divided into 20-ft units and mapped as before.

Polar diagrams and b-axcs were obtained for cach unit. They were
then plotted on & level plan showing the location of each unit, From the centre
point of each unit the b-axes werc projected upwards and then downwards onto
plans representing the adjacent mining levels.

The upward projection of the b-axes produced a scatter pattern which
was contoured. The emerging contour plan indicated that these b-axes iended
to converge and produce an irregular shaped conceniration {Figure TA} which
bore some resemblance to the outline of the ore on the same level (Figure 7B).

It wasg therefore decided to superimpose the contour plan on the trace
of the ore outline. A remarkably close fit was obtained by an anticlockwise
rotation of 40 degrees, as scen in Figurce 8.

When the b-axes werce projected downwards the contour plan of the b-
axes distribution did not closcly resemble the ore outline on the lower level
{Figures 9A &B). However, a beiler fit was obtained when the ¢onlour plan of
the b-axes was rolated 30 degrees anticlockwise with respect lo the ore outline
for the level (Figurc 10).

The fact that both projections required an anticlockwise rotation is not
yet fully understood, but the presence of a prominent wrench fault below this
level may have something to do with it,

Thus far, this study has shown that the structural framework of the
raock envelope surrounding an orcbody bears a remarkable resemhblance to the
shape of the sulphide concentrations within the envelope and that in this case the
resemblance is shown by the distribution of the b-axes orientations in the foot-
wall members of the cnvelope.

242



Relationship of Structure to Foilure Pottemns

While studies relating the fabric pattern to the pattern of post-mining
ground movement are siill in a prcliminary stage, two of the studies undertaken
to date have been partially successful,

The first concerns a small orcbody which was mapped and cxamined
while still under development,

The oricntation of the b-axis was deterimmined in 50-ft-long units along
two development drifts which penctrated the orcbody on the level cxamined
(Figure 11). The orientation of the b-axis varied from unit Lo unit but in gen-
eral plunged between 70 and 85 degrees in a direction approxiniately parallel io
the drift {Figure 1i). The strike of the a-b plane, determined [rom all units,
is oriented approximately 25 degrees west of thc mean strike of the b-axes
(Figure 11) and thercfore is 75-80 degrees to the trend of the long axes of the
proposed stope paillern, which was laid out parallel to the east-west co-ordi-
nale grid. As this was not congidered a significant discrepancy, the silope lay-
out was not changed.

Subsequent mining of a modified blasi hole stope expased the pillar
walls for a heighl of 60 ft and length of 150 ft.

This permitted a daily scrutiny of the pillar walls which on close
cxamination were found to contain numerous steeply dipping and almost mutually
perpendicular cracks. The most prominent of these sirike obliquely io the
pillar walls and aimnost perpendicular fo the a-b planc determined from the
joint study (Figure 12},

This is taken as reasonable evidence thal pillar failure iends to occur
both perpendicular and parallel to the a-b plane of the rock fabric,

In the second casc an attempt was made to deduce the location and
dimension of the eventual pattern of failure at onc of the larger mines, in order
to locate a new deep shaft as close to the ore as possible and yel outside the
cnvelope of failure.

A broad yel detailed joint sludy on surface and on sevcral underground
levels was undertaken to determine the b-fabric axes on each level (Figure 13).
The levels chosen were approximately 1,200 ft apart and the resultant b-axes
for each level were projecied to the surface from several points along the
pcrimeler of the ore outlined on these levels,

The area at surface described by the projection of thcse h-axes was
contoured to show pronounced concentrations (shaded areas), moderate concen-
trations ¢(hatched area), and mild concentrations (areas delineated by dashed
lines). Thec shaded and hatched areas were taken to represent areas prone to
subsidence, and the dashed line was laken to delineate the outer limit of subgi-
dence (Figure 14},
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The shaded area shown in Figure 14 agrees fairly well with the shape
of the area of surface subsidence resulting {rom the cavec program, particularly
as two blocks of low grade ore have not yet been undercut along the western
boundary of the cavc area.

An abandoned exploration drift on the 3,800 level, which penetrated
the hangingwall for somc considerable distance, permitted another comnpuarison
bctween the envelope of observed ground failure and the predicted area.

The cracks in the expleration drift were noted and taken to indicate the
area of strongest post-mining ground failure (Figure 15); this figure shows the
pronounced cracks noted in the drifts on this level and compares the area out-
iined by them with the area of predicted subsidence, as determined by the pro-
jection of b-axcs from 5,400 level upwards (Figure 15A). Secondly, the h-axes
on the 4,000, 4,200, and 4,400 lcvels were projected upwards to 3,800 level
and compared with the pronounced cracks in the drift (Figure 158). These two
diagrams show fairly close agreement betwcen predicted and observed data,
especizally when it is remembered thal the area outlined in Figurc 15A includcs
an as yet wwmined shaft pillar west of the cracked ground. The dimension and
shape of the projeccted area of failure from adjacent lower levels bears 1 much
closer resemblance lo the observed area of failure (Figurc 15B).

Conclusion

Evidence has been presented which shows that the flaws in the rocks
at the base and immediately below the Sudbury irruptive contact follow a pat-
lern, and that this pattern is most apparcnt in the distribution of the lines of
intersection between the flaws ot joints themselves.

It hag also demonstrated that along the outer margin of the Sudbury
irruptive the distribution of the b-axes, defined by the lines of intersection
betwecn joint maxima, bears a marked resemblance to the disiribution of
copper-nickel concentrations.,

Finally this study indicafes that knowledge of the distribulion of the b-
axcs and the a-b plane is also useful in predicting the eventual outline of post-
mining failure.
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Figure 1. Polar plota of a number of joint planes on an equel area net (printed
out by the computer),
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Figure 2, Distribution of maxima, derived from polar plots (Figure 1), using
a computerized cut—off level of 6 poles per square.
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Figure 5. Evaluation of the print-out shown in Figure 4.
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Figure 6. Contoured lines of intersection of joint planes in the norite and in
the footwall succession.
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Figure 11. Orlentation of the b—fabric axes and the a-b plane on 5,800 level
(determined during the development stage).
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Figure 12. Planes of weakness, striking approximately perpendicular to the
a-b plane, which developed in the pillar walls of the cpen stope.

250






PREDICTED PATTERN PROJECTED PATTERN
FROM
MINING BELOW

A B

Figure 15, Subsidence cracks compared with predicted subsidence patterns,
A - Areas prone to subsidence determined by shaft study.
B - Areas prone to subsidence determined by projecting b-axes
from several levels below this elevation.
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MODIFYING MINE DESIGN FROM
ROCK MECHANICS DATA

J.D. Smith*

Abstract

The Fairport mine of the Morton Salt Company is con-
sidered to have good mining conditicns and relatively stable
rock formations in which to work. However, mining costs and
gafety conditions were heing affected hy significant amounts of
rock movement, expressed by floor heaving, pillar rib fallure,
and roof epalling.

Mine management, recognizing these problems,
authorized a rock mechanics program to provide data on rock
movement 8o that the improved mine design would result in a
reduction or elimination of these problems,

This paper describes the rock mechanics study con-
ducted by C-I-M Consultants Limited in conjunction with the
mine gtaff. It describes the means of accumulating data and
presents summaries of the meagurements obtained and how
these were used to determine optimum face width and orienta-
tion, optimum pillar size and orientation, and rock movement
control.

*Congulting Mining Engineer, 106 Holland Crescent, Kingston, Ontario.

253

D6035—17



The mine management has implemented several of the
recommendations concerning mine design and the comparison
of mining conditions, visual observations, and operational data
are given between the older mining method and layout and the
modified method and layout resulting from the study. Approxi-
mately one year after the completion of the study, a paper simi-
lar to this one was presented at the Second Symposium on Salt,
held in Cleveland, May 3-5, 19656, The paper presented the
initial results obtained from a test panel that had been orlented
in the recommended directions, This paper includes an up-to-
date asgessment of the resulis obtalned since May, 1965,

{ntraduction

The management of Morton Salt Company authorized C-1-M Consul-
tante Limited to conduct a rock mechanics study to provide design criteria that
could lead to the reductlon or elimination of floor heaving, pillar spalling and
roof deterioration at their Falrport mine. This study was conducted over a
period of six months, starting in July of 1963, Approximately twenty man-days
per month were spent on the project, half of which were used in field and travel
tHme.

The Fairport mine is a salt producer recovering about 4,000 {ons per
day from a gently dipping bed of about 20 ft thickness, The ore zone is bounded
above and below by Silurian shales, limestones and thinner salt beds. The re-
gional dip is towards the south-east but locally there are rolls in the formations
which change the dip over short distances, It appears that there has been little
or ne major tectonic movements in the region of the ore zone.

Mining was done by the room and pillar method laid out on 2 north-
sBouth and east-west grid. The rooms were approximately 40 ff wide and 17 ft
high with pillars 100 ft x 100 ft. The rate of advance is approximately 10 ft
every three weecks per room. In various sections of the mine, floor heaving,
roof gpalling and rib corner deterloration cormmmenced shortly after the creation
of a new face. The mining is planned to leave 2 to 3 ft of salt in the roof im-
mediately below the shale contact. This means that a variable amount of salt is
left on the floor but where local "pinches'" occur in the salt bed beth roof and
floor shales are exposed.

Definition of Problem

The Fairport mine was and is currently being mined with a very accept-
able tong-per-man-shift record and an excellent safety record. Mine operating
personnel have evolved, during the life of the mine, techniques and mining pro-
cedures to cover most of the problems encountered by unexpected rock and salt
movement. However, a continuous and significant number of man-shifts was
being spent on scaling, clean-up and equipment maintenance caused by rock and
salt movements expressed in floor heaving, roof spalling and pillar deterioration,
The basic problem, from a mining standpoint, was how to reduce this mainte-
nance cost to a minimum and hence improve efficiency and decrease mining costs.
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The problem, as viewed by a rock mechanic, was to determine the
inherent directional and strain magnitude characteristics of the formations af-
fected by the mining operation, to utilize this knowledge in caleulating design
changes to reduce, eliminate or minimize the various movements causing
failure, and to monitor the changes in design underground in order Lo cvaluate
their effectiveness.

Data Accumulation

Any atudy for the purpose of improving mine design by considering the
inherent properties of the mine structure cvolves first of all into & sampling
problem. The statistical force vector and inherent strain magnitudes must be
determined by analyzing the required number of oriented samples in the labora-
tory. Further, in situ measurement must also be done in a sufficient number
of places to attain the required confidence in the result, The following sections
explain how these data were obtained, why they were required and how they were
uged in mine design,

Inherent Directional Characteristics

One of the most important properties of the materials affected by min-
ing is their inherent force field. This is the vectorial sum or resultants of all
forces acting on the material. This property must be determined for each geo-
logic material that will be affected by the mining operation as their behaviour
and manner of movement 15 dependent upon this property.

Agsociated with the strain vecters acting in the various granular
mnaterials are curvilinear surfaces that possess higher orders of inhercnt ener-
gies than surrounding grains. These surfaces are called preferred shear
planes.

The gystem of analysis used to determine the properties at the Fair-
port mnine involved the instrumentation of many oriented pieces of galt and
shale, Oriented samples were taken from the ore zone and the roof shale on a
statistical basis so that the area of influence of each sample gave the required
confidence on a minewide acale. Each orlented sample had a cube cut from it
with a diamond gsaw, three mutually perpendicular planes were then instrumen-
ted with 2-in, -diam photoelastie strain gauges. As the time-dependcent Inher-
ent energy stored in the grains and cement re-oriented and strained them in
crder to re-attain equillbrium, the photoelastic strain gauges recorded the di-
rections and amount of movement. The vector components of the principal
strains on each instrumented face were then combined using a stereonet to pro-
duce the force field vector (azimuth and dip). The preferred shear plane traces
on each face alsc combined to produce the strike and dip of the various families
of preferred shear, This work was also done using a stereonet.

Force Field. A total of 21 oriented samples were taken from the salt
ore zone and 37 oriented core and hand samples from the roof shale. Two
samples from the floor shale were also studied. The azimuth of the principal
gtralns in the horizontal plane for the different materials is presented in Table 1.
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Gj 1s the major strain direction and Gy is the minor strain dircction. The azi-
muths are corrected for the local mapgnetic declinatlon, It is apparent that there
ig little difference in force fleld direction in the different formatlons, The ap-
proximate force field dip is down towards the south-eagst at about 26°. The
local variatlong in force field direction are best shown by a strain trajectory
which 18 a plot of how the principal straine are propagated through a given plane
and 18 a visual representation of how the rocks are strained directionally. The
most useful representation for a bedded deposit with a slightly dipping forece
field is to show the strain trajectory in the horizontal plane., This has been
done for the roof shale bed and is presented in Figure 1.

TABLE 1

Average Force Field Directions

No. of Principal Strain Directions in
Rock Type Samples Horlzontal Plane - Az.
G1 Gz
Salt 21 133° 043"
Roof Shale 37 135° 045°
Floor Shale 2 137° 047°

The major and minor force fleld has been determined and defined by
an azimuth and dip. The determination of the thrust directlon or the placement
of the arrowhead on the vector ¢camnot be determined adequately from oriented
samples. In situ measurement was used to determine thia characteriastic.
Both north-south and east-west openings were instrumented around their peri-
pheries with photoelastic gauges bonded to the surface as well as bolt tension
meters placed on rock-bolts, The manner of load build-up on these instruments
indicated that one wall of the openings was moving into the void at a faster rate
than the other, This indicated that the thrust vector was thrusting downward
at 20° on an azimuth of 135°.

Preferred Shear Planes. If ig believed that these approximate planes
of inherent weaknesa in a granular material are a function of the grain packing
patterns, the type of "glue'" cementing grains together and the tectonic forces
that created its present configuration. These planes are very useful both in
designing restraint and for drilling and blaating functlons. These points will
be discussed later. There are several families of preferred shear planes in
both the roof shale and the salt bed. Table 2 shows the general agreement
between these families.

From the table it is evident that families 1 and 2 have similar azimuth
but opposite dips while families 3 and 4 have the same characteristic with their
azimuths being appreximately 90° from 1 and 2. An attenipt was made to cor-
relate the families of prefcrred shear planes with the local variation in salt bed
thickness. It was found that in a '"pinch' region of the salt bed that preferred
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shear plane families of 052° az. - 56° north-west dip and 142° az. - 48° north-
east dip predominate while in "swells" and relatively undisturbed parts of the bed
families of 052° az, - 56° north-weat, 067° az. - 48° south-east and 188° az. -
42° south-west predominate.

TABLE 2

Preferred Shear Plane Families

Rock Type Preferred Shear Planee - Az, and Dip
1 2 3 4
153° - 122° - 050° - 0° -
Roof Shale 22°N.E. 43°8 W, 30°N. W, 19°8.E,
Salt Bed
{upper 2nd 142° - 138° - 052° - 067° -
Salt) 48°N.E. 42°8 W, 56°N.W. 48°8 E,

Shear Strain and Strain Magnitudes. Only the time-dependent portion
of the total elastic recoverable strain is recorded by the ingtruments on the
oriented samples. These show the distribution of the time-dependent shear
straln when viewed with the correct optical instrument., The graph presented
in Figure 2 shows a typical relaxation rate for an oriented salt sample.

The shear strain pattern is useful in two ways. First it gives the
traces of the preferred shear plane familles on each lnstrumented face and se-
condly, it aids in calculating the multiplication factor for the force field due to
mine geometry,

This "n" factor is an important part of the prestressed beam-column
formula used to calculate room spans. Its determination involves the analysis
of underground instrumentation as well as the relaxation rates from oriented
samples. Disc rings (which consist of & 2-in. -dlam photoelastic gauge bonded
to the salt at each corner of the opening as well as in the centre of the roof)
are installed in the two mining directions. The shear sirain magnitudes from
these Instruments can be compared directly with the shear sirains measured
on the appropriate plances of the oriented samples provided the instruments in
both cases are installed at the same time after creation of a2 new face and are
read during the same time interval. Table 3 summmarizes the shear gtrain
readings from both sources. Resulte are presented for the horizontal plane ag
thia plane is of greatest lmportance for span calculations in this type of deposit,
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TABLE 3

Time-Dependent
Average Shear Strain Magnitudes

Shear Strain - win/in
Plane of Oriented Disc Rings
Measurement Samples N - 8 Rings E - W Rings
Disc C Disc E Disc C Diac E
Horizontal
Plane 120 813 783 323 1095

Figure 3 shows typical locations for individual discs used in this study,

It is evident that the force field thruat can cause rotational moments
to act on an opening if it is incorrectly oriented. One would expect the angle at
the corner of the opening at E for the north-south ring and at C for the east-
wedt ring to be opening and to have decreasing strain, The reverse ghould be
true for the opposite corners of the openings. The shear strain readings con-
firm this concept. For design purposes the least value of shear strain was
used In each case to provide a safety factor. The high compression corners at
C for the north-south ring and at E for the east-west ring are not used because
these high shear sirain values represent the sum of shear straln energy due to
relaxatlon into the opening plus compression at the corners due o rotation of
the opening. The values at the tension corners are conservative because re-
laxation into the openings is decreased by the tensional effect due to rotation.

The multiplication factors required were obtained by dividing the aver-
age Inherent shear sirain magnitude obtained from the oriented samples into the
average shear straln values from disc E and disc C from the north-south and
eagt-west rings respectively, The multiplication factor for openings of azi-
muth 135° is approximately 6 and for openings of azimuth 045° is 3. The major
strain direction hag the largest inultiplication factor because it has the great-
est inherent shear strain.

The magnitudes of the individnal strains, G and Gz, were determined
from the oriented samples. It must be understood that the values presented in
the following table are a measure of the tline-dependent elastically recoverable
straine and hence are known to be conservative. The measured strains in the
plastic are equal to the strains in the shale and can be converted into stresses
for the shale by using the approximate physical constanta, These measurements
were done on the shale as the amount of presiress in this formation was re-
qulred for structural design. The appropriate physical constants measured in
the roof shaie using the dynamic testing method developed by Obert, Windes
and Duvail are E = 12,88 x 106 psi and s = 0.74 for the 090° direction and
E=11.40x 106 pgi and # = 0.61 for the 000° direction. All measurements
were taken in the horizontal plane. The photoelastic theory applicable to this
discussion can be found In Emery {1) and Roberts (3).

268



TABLE 4

Average Time-Dependent Strain Magnitudes and Calculated Stresaes
Roof Shale Samples

Measured Straln Calculated Principal
Measured - in/in Stresses - psi
Gy Gg Gy Gg
Horizontal
Plane 55 30 a0 630

In calculating stresses from the measured siralne the following should
be considered:

1. The measured strains are a portion of the time-dependent re-ori-
entation strains and should be extrapolated back to zero tHme for
a newly created face,

2. The Immediate elastic rebound component has been lost by the act
of preparing the sample.

3. The material has different values of Young's modulus and Poisson's
ratio in different directions.

4, Young's modulus varies with stress,

5, Strains In the plastic gauges are re-calculated in terms of stresses
in the gauges. Thesge are then multiplied by a suitable factor to
determine approximate stresses in the rock.

These factors will be congidered in the section on mine design to ar-
rive at more accurate figures for the probahle inherent atresses in the rock.
Only 3. above hag been used in the table.

Mine Design

The first phase of the study was spent In determining the characteris-
tice of the granular material affected by the miulng operation. The knowledge
of the rock movements was then used to modify the mine design and layout. The
following sections explain how this was done and what the recommendations were,

Room and Pillar Orientation

To minimize rotational moments (Emery {2), p. 3), which can he one
of the major reasons for rock failure, all mine openings and pillars should be
oriented in one of the principal strain directions. Roomgs and the long axie of
the pillars should be aligned with the major strain direction and crosg-cuts and
the short axis of pillara should be aligned with the minor strain directlons. In
this type of deposit it is only practical to orient these in the horizontal plane.
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The force field dip ig small (about 20°) and so rotational moments are minimized
and are resiated by the long axis of the pillara,

The oriented cores from the roof shale were taken primarily to provide
the variation of the force field thrust on a mine-wide scale, The principal strain
directions in the horizontal plane were plotted on a mine map, and strain tra-
jectories were prepared from this, The atrain trajectory shown in Figure 1 is
a visual representation of how the roof shale is loaded. Since the roof shale
movement, upon removal by mining, is what acts upon the pillars, the strain
trajectory of the shale provides the room and pillar orientation directly.

The strain trajectory waa determined from samples obtained from
existing mine workings, To orient rooms and pillare at any location involved
the extrapolation of the strain trajectory into the solid ahead of the mining face.
On a statistical mine wide basis, the statistically optimum room and long axis
direction of pillars 1s 135° azimuth and eross-cut direction is 045° azimuth,

In 1964 the mine staff decided to implement these recommendations
by opening panels at the south-west and north-west corners of the mine. The
panels were started approximately 3,400 ft apart. The north-west panel was
advanced towards the north-west with crosa-cut faces advancing in this direc-
tion, The pouth-west panel was advanced with room faces moving towards the
south-west. To check on the variation of the princlpal straine as mining pro-
gressed in these panels, disc rings were installed at appropriate intervels,
The data obtained from thege instruments showed where and by how much the
force fleld had turned from the average direction determined. They also
meagured the amount of variation in direction needed to increase the rotational
moments to cause failure.

Room Span Calculation

Details of the beam-column theory used in this section te ecalculate
safe room and cross-cut spans are to he found in Smith (4).

The heam-column is visualized as a flat slab of rock in the roof of an
opening with effective depth equal to the rock-bolt lengths used or to the depth
of some competent bed above the roof. The worst possible case would be to
congider uniformly loaded, simply supported beams of one foot width, placed
side by side and supported or loaded on the ends by the force field presatress.
Using these conditions, a safety factor 1s Immediately provided as the roof
material is almost never simply supported. These conditions are illustrated
in Figure 4.

o m is the extreme fibre streas due to the uniform load of the beam
and o m =+ Mc where M = W12 x 12 in_ /lb and I = bd? where band d are in
I B c 6
inches. The inherent force field, ¢ x, 18 multiplied by a factor n due to the
geometry of the openIng. Theoretically, n should be infinity at the corners
but in actual practice the rock flows and readjusts to withIn ite yield point. For
gtability and to reduce high horlzontal shears In thia beam, the span is adjusted
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such that the top and bottom extreme fibreg are strained an equal amount. This
is expregsedbyn ex- om= ox+ om, The variables n and ¢ x are mea-
sured from the materials and so this equation can be solved for om. DBut
g m =i@=iw_lle2x_6_-__
1 8 bd2

Solving thia equation for { one obtains:

2= |’ mx 8 xbd® g
Wx1l2x6
The effect of geometry was determined from dise rings Installed on
sali. It was considered safe to use these factors for the roof shale after com-
paring the physical properties of salt and shale., The multiplication factor of

n = & for openings of azimuth 135° and n = 3 openings of azimuth 045° will be
used.

The roof shale is hard, competent and interbedded with thin galt string-
ers and bede. There is a good parting in the shale, about 4 ft above the shale-
salt contact. When the skin of salt left on the roof gets too thin, bolts are used
to tie it to the ahale. The beam depth will be considered as 4 ft because this is
the approximated shale bed thickness and if bolting i8 required 4 bolta should
be used,

The sonic tests required the determination of the shale density. This
wag found to be 130 lb/cu ft and hence for a beam 1 ft wide and 4 ft deep this
means a uniform load of 720 1b/ft of beam.

The measured fleld force ¢ x was determined from oriented hand
samples and hence reflects short time relaxation strain only. The variations
of Young's modulus and Polsgon's ratlo under no load have been considered in
calculating ¢1 = 900 psl and ¢ 2 = 630 psl from the 1neasured strains. These
gtrains should be extrapolated back to zero time in order to attaln a more ac-
curate time-dependent straln magnitude. An examination of the short time
relaxation rates for the roof shale samples provided a multiplication factor of
1.25 for the time-dependent straing. An example of a relaxation graph is glven
in Figure 2. The immediate inherent elastic rebound of the shale was not
measured by the photoelastic gaugea due to the method of analysis. Overcoring
techniques used on similar materialg tested indicated that the elastic rebound
wasa approximately 1/4 of the total inherent strain energy. The iime-depend-
ent strains should then be multiplied by a factor of 1.33 to obfain a more ac-
curate figure, Itis an established fact that Young's modulus increases with
applied load. Since thie figure was determined under a ne load condition, =
factor must be applied to comnpensate. Experience Indicated that a reasonable
figure for this type of materlial was a 1,33 increase in Young's modulus due to
a load of the magnitude measured. Probable values 1 and ¢2 are 900 x
1.3x1,3x1.25and 630 x1.3 x1.3 x 125 respectively. The values used in
the following calcnlations are ¢ = 1800 psi and ¢4 = 1330 psl.
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Spans of rooms running in the 045° direction (supported by the major
gtraln) are calculated as follows:

n=6 W=720Ib/ft d=48in. b =12in, oy = 1900 psi

n ox - g m ox + om

]

om =N JdX- dXx
2

]

B x 1900 - 1900
2

It

4750 psi

om X 8 x bd?

L]
V W x 12 x 6

=[4750 x 8 x 12 x 482
Y 720 x 12 x 6

f= 142 1t.

8imilarly, the calculated span of the proposed cross-cuts running in
an azimuth of 135° 18 calculated.

X X -~ om = 00X + om

n_¢x - oxX _ 3 x 1330 - 1330 _ 1330 psi
P 2

£ v1330x8x12x482
720 x 12 x 6

agm =

£ = 751t

The measured spans of 142 and 75 ft are consldered conservative.
These spans are safe only if the rooms are driven in the principal strain direc-
tions. Because of the problem of maintaining a clean, unbroken back to aid in
beam stability, it is imperative that the faces be advanced uniformly. In other
words, the whole breast, after undercutting, should be drilled off and blasted
at one time, The best sequence would he to drive the roomes ahead of the cross-
cutg 5o that beam equilibrium could be established before the cross-cut mining
disturbed the condition.

Pillar Size

The regional force field thrusts from the north-west to the south-east
at about 20°. For maximum stability, the long axis of pillars should run in
this direction to offset the overturning moinent of the force field caused by the
downward dip. The pillar should have sufficient mass 8o that it does not crush
and aleo so that is does not punch into the roof or floor. These things are
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rossible depending upon the pillar size and relative hardness and strengths of
the roof, ore and floor materials. A physical examination of the mine showed
that there waa no pillar failure as such, The only evidence of fallure was noted
at pillar corners and this was attributed to rotation of the pillar caused by im-
proper orientation. The size of the pillars in the older sections of the mine is
100 £t x 100 ft, The dimensions of the pillar should be in relation to the ratio
of the principal strains, In this case, the ratio of the principal strains is

1.43 : 1, If the long axis of the pillars is 100 ft then the short axis ghould he
70 ft. It was felt that this would provide a pillar with sufficient mass in the
correct direction to withstand the forces acting upon it. Recommended pillar
sizes, provided they are oriented correctly, are 100 ft x 70 ft, Since this
study, more sophisticated means of calculating pillar sizes have been developed.
Using these methods, the above mentioned size ig still considered safe.

General

Preferred shear planes can be utilized 1n determining the best direc-
tion of mining, fragmentation and ease of break as well as to aid in designing
restraint in the form of rock-bolts. In this particular case there are two fami-
lies of preferred shear planes roughly parallel to the proposed room and cross-
cut direction, Decause of this and their dips, good fragmentation should re-
sult in both directions. Whether the rooms are driven in an azimuth of 045° or
in 225 should make no difference to the fragmentation and drilling rates.
However, cross—cuts should be driven in an azimuth of 135° and not 315°, In
this way, the force field thrust will be cut off and the drilling rates should
improve, For optimum fragmentation, drill holes should be drilled perpendi-
cular to preferred shear planes, In this way, explosive energy adds to the
high inherent shears in a wedging action.

Consider regtraint

These same preferred shear planes or planes of inherent weakness,
if their aititudes in relation to inine openings produce a low angle, can be the
gsource of shear failure in roof, floor and pillars, To prevent this, short high
tengile steel rock-bolts should be placed in holes drilled perpendicular to the
planes of preferred shear. These bolts ghould be placed in rows along the
strike of these planes. For rooms, the azimuth of these rows should be about
060°. A compromise direction for the bolts would be to place them vertically
to allow for all families of planes.

Summory of Recommendetions
a. On a minewide basis the rooms should be driven in an 045° direction and
cross-cuts driven in a 135° direction. These directions should be altered

locally to conform to the strain trajectory variations.

h, The calculated safe mining width for roomsa is 1490 ft and for cross-cuts
i 75 fi.
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c. Salt pillars should be oriented with their long axis parallel to azimuth 135°
and their size should not be amaller than 100 ft x 70 ft,

d, Rooms could be driven in 045° or in 225° direction without altering frag-
mentation, drilling rates and powder costs. Cross-cuts should be driven
in 135 direction ouly, An improvement should be noted in drilling rate
and powder cost,

e. Mining faces should be advanced uniformly and each round of advance should
be blasted at one time. Rooms should be driven ahead of crosa-cuts,

f. If rock-holts are required they should be placed vertically in rows parallel
to the azimuths of the preferred shear planes, Short bolts will be more
effeclive than long bolta,

Results of Test Ponel Mining

The mine management, treating this study as a research project decid-
ed to evaluate each major recommendation separately, During 1964 a test panel
ghown In Figure 5 was started froin the south-west corner of the mine. This
panel was laid out in the recommended directions of 135° and 045° azimuth but
nothing further was changed. The following results show the effect of changing
directions only,

During the first two months of mining this section the following changes
were noted by underground supervision:

Slightly faster drilling rates.

Better fragmentation and lower powder factor.

Leas bootleg and angle of facea more nearly vertical,

No floor heaving. This was the longest time an area had been open without
some evidence of floor heaving.

Roof control and pillar slabbing reduced.

Both rooms and cross-cuts have squarer corners and the ribs are more
uniform.

7. Anaverage of 50 tons per round increase in break was noted.

8. The corners of the pillars still slabbed, but incidence and size of slabs
reduced.

pe L3 B

1N

As mining advanced towards the west somne floor heaving developed in
several sections, These heaves had their axis parallel to the room and cross-
cut directions and were not an approximate 45° angle as in the older mining
method of north-aouth and east-west drives, The correct alignment of rooms
and crogg-cuts does not eliminate the forces causing such failure, it merely
eliminates the moments acting on the roof and floor slabs. To eliminate floor
heaving requires the use of wider spans and larger pillar combinations as well
as correct directions,

264



Several mine openings were mstrumented with bolt tenslon meters and
disc rings to determine whether the openings were being driven in the optimum
direction. The measurements indicate that statistically the panel ia in the cor—
rect direction but locally some portions of cpenings are a little off. A signifi-
cant thing is that the bolt tension meters are recording much higher readings
in this new panel in the same relative period of time than instruments in the
older parts of the mine. This indicates that the salt bed has increased inherent
energy characteristics in this region. In the original mining directions, floor
heaves are cccurring 2 to 3 rounds back from the face,

The mine management, early in 1965, decided to plan for wider rooms
and cross-cuts as well as larger pillars in an attempi to reduce the floor heav-
ing problem. To provide some preliminary data, four rooms in the test panel
were widened to 50 ft. The resulis were sufficiently encouraging for the mine
staff to proceed with modifying the mine layout.

Modified Mining Method

In 1966, mine openings for the whole mining distance of 3,800 ft were
re-oriented in the originally recommended directions of 135° and 045° for the
crogs-cuts 2nd rooms respectively. To date, the mine faces have advanced
towards the west by about 500 ft. The room spang have been varied between
50 and 55 ft in different locations and the cross-cuts have been varied in width
between 40 and 45 ft. Depending on the geometrical problems found in turning
existing openings into the recommended directions and to obtain some estiinate
of relative stability, the pillar sizes were varied between 80 ft x 130 ft to B0 ft
x 120 ft.

In conjunction with the changes in mine design prompted by the rock
mechanics study, the mine staff conducted tests to improve blasting efficiency
and powder requirements. The following list of resulis therefore includes
factors from both fields of research and summarizes briefly the results indi-
cated up to December, 1966,

a. Better fragmentation and lower powder factor.

b. Less bootleg and angle of faces more nearly vertical,

¢. Openings have squarer corners and more uniform ribs.

d, Pillar sloughing along the ribs has virtually been eliminated and
pillar cornera are more stable,

e. Overall decrease In maintenance and scaling costs.
f. Average increase in tons broken per round is 40-50 tons.
g. Some floor heaving and roof spalling still occcurs which appears to

be associated with "pinches' in the salt. The amount of salt left
on the roof and floor is somewhat less than in other areas.
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The mine staff plans to continue modifying the geometry in an attempt
to further improve their efficiency and safety records. It is thought possible
that if the present openings are in the optimum direction, the spans can he in-
creased in a controlled manner in order to evaluate the effect on flocor heaving
and roof spalling,

In addition to the benefits obtaincd during the past three years, the
mine gtaff feel that they have gained a better understanding of the materials
with which they must work and as a result arc in a better position to cope with
any future problems.
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DESIGN OF PARTIAL EXTRACTION SYSTEMS
IN MINING

K. Wardell*

Intreduction

The variability of physical and geologlcal conditions encountered in
mining can impose unpredictable constraints on operational performance. Geo-
logical conditions are predetermined but the generation and distribution of
rock movement and stress by mining extraction has considerable influence on
such matters as the dimensions of mine openings and pillars, the optimum
ratio of mineral extraction, the design and utilization of artificial supports,
the maintenance of shafts and rosdways in the mine, outhursts of rock and gas,
mine subgidence and bumps. The primary aim of mine design is to control
rock movement and stress as much as possible and thereby to maximize mine
safety and operational efficiency.

The theoretical and practical studies in rock mechanics which have
been made so far are, to some extent, fragmentary and imprecise. The former
because their fundamental agsumptions are almost imposaible to verify satia-
factorily, and the latter because they are usually so particular to a given set
of circumstances that it 13 rarely possible, and may even be dangerous, to
extrapolate from them.

The mining engineer, on whom the ultimate responsibility for mine
safety and efficiency rests, has generally to use the broad qualitative rather
than strictly quantitative conclusions which may be drawn from studies in rock
mechanics and, in the present state of knowledge, toc mix art or judgment
Iiberally with science,

*Durnford, Lee & Wardell, Consulting Mining Engineers and Geologists,
32 Woodland Avenue, Wolgtanton, Newcasgtle, Staffordshire, England,
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The author has frequently been responsible for mine design and its impli-
cations, narticularly in the mining of stratified deposits of coal, potash and iron-
ore. This has led to a detailed consideration of partial extraction systems and to
the development of a structural concept of mine design in which movement of the
main strata ig controlled by appropriate dimensional design of the areas of
extraction and the pillars to be left.

Dimensions of Extroction Areas

In a broad sense, it may be said that the optimum dimensions of a
mineral extraction area should be such that the main stresses generated by the
extraction are directed away from it and imposed on solid boundaries or
abutmenta. This posiulates an arch or dome theory in most, if not all, mining
conditions. That is to say, any given mine excavation should have eritical
maximum dimensions beyond which the main rock mass will ne longer behave
gtructurally and span the excavation butwillfail in some way or another. Itis
necessary to enguire about the evidence for this.

Neither the movements nor the stresses within the main rock mass
above an extraction area can be easily and certainly measured or predicted. It
is, however, relatively simple to obgerve both the resultant transient and final
effects of the whole complex of rock mass movement at the most acceasible
point, that is, at the surface. In fact, a number of research workers in rock
mechanica have attempted to use measured surface subsidence over mine work-
ings as a criterion against which to test the validity of their hypotheses. Berry
(1), Salamon (2) and Litwinlzsyn (3) are notable amongst these.

In European coal mining, for example, accurate field studies of surface
subsidence caused by underground extraction have been carried cut for more
than fifty years and a mass of data has heen accumulated. This shows conclusively
that the maximum surface subsidence to be expected from an area of total
mineral extraction 1s primarily a function of the width, length and depth of the
area, This conclusion is illustrated in Figure 1 by observations made in
British Coalfields over seams varying in gradient from 0 - 25°, in thickness from
2.25ft to 18,0 ft and in depth from 102 ft {o 2,628 11,

It is apparent that, in these conditions, the maximum subsidence or
surface deflection is very small when the width of an extraction area in relation
to its depth is less than 0.3. The question can be considered in two dimensions
only because in all the cases obgerved the length of working was greater than
1.5 x depth. These results strongly supporti the notlon of an arch formation in
the main strata.

The scatter of results at W/D < 0,3 is probably due, in part at any
rate, to structural variations In the main rock mass from case to case, al-
though the characteristics of coal measure rocks in Great Britain do not seem
to vary widely as between one mine and another. It is alse possible that the
ration of subsidence to thickness of mineral extracted may not be a wholly valid
parameter for very thick seamas,
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This criterion af an arch formation is strengthened by similar ocbser-
vatione in quite different geological conditions and for other mineral deposits.
Tincelin (4}, for example, cites an exiraction area, from an iron-ore mine in
Lorraine, over which only marginal subsidence was observed although its width
was 330 ft, its length greater than.l,000 ft and its depth 800 ft. TFigure 2
shows the observed subsidence over a caved longwall extraction at a potash
mine. The maximum obgerved subsidence was only 1.6 in. for an extraction
area of 1,300 ft x 400 ft at a depth of 650 ft. The thickness of seam extracted
was 8 ft and the W/D ration was 0.6 approximately. Thick, strong individual
beds of rock were present in the overlying strata at both of these mines which
may be supposed to have influenced the structural behaviour of the overlying
rock mass.

The idea of a so-called 'pressure arch' has, of course, been prevalenti
in the thinking of coal mining engincers for several decades. In Britain, it was
given approximate quantitative form (5) by the underground observations re-
produced in Figure 3, It will be noted that relatively {ew of the results fall out-
side the range of W/D = 0,18 and W/D = 0.33.

In a erude and purely qualitative way the arch can be compared with the
span formula for an encastred beam:
2T 1

5= 4 —
w

where S is the width of unsupported span
f is the ultimate tensile stength of the beam
T is its thickness

and w is its specific weight.

This suggests that main parameters in the formation of an arch over mine work-
ings might be the thickness and tensile strength not simply of individual beds of
rock but of the eomposite rock mass. It goes without saying that tensile strength
in this sense is virtually impossible to determine either theoretieally or by
measurement,

Denkhaus (6) has given a more sophisticated evaluation of the main di-
mensions and shape of an arch or dome over mine workings, He eoncludes that,
in the case of a echesive rock system (i.e., where the rocks do not separate or
break away from the dome boundary}, the maximum span will be:

s=‘lz"d el 2
w

where S is the maximum unsupported span

o is the compressive strength of the unbroken rock

d is the depth of mining
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and w is the specific weight of the rock.

In fact, it seems logical to use the tensile rather than the compressive strength
of the rock in this analysis and to do 8o gives more comprehensible results,
When this is done and if one substitutes d = T, expressions 1 and 2 are identical.
For a non-cohegive rock system, the expression becomes

s=‘}————2-95"d ..... 3
w

This conception of an arch or dome and the use of surface subsidence as
a guide to its limits, does not essentially contradict fundamental conceptions of
clasaticity, plasticity and rheclogy. It simple recognizes that, up to a certain
limit, the rock mass tends to behave structurally. Therc may, of course, be
exceptions if the extraction area is at very shallow depth, or if the overburden
consists mainly ol unconsclidated material.

Dimensiaons of Pillars

The literature concerning the laboratory testing of mineral rock samples
is extensive, Without reflection on other workers in the field of laboratory test-
ing, Dreyer (7) at Clausthal deserves special recognition. [His work confirms
and consclidates the bulk of the results from the compressive testing of prepared
samples. Figure 4 illustrates his general results which may be summarired ag
follows:

a. The stress at failure of a laboratory test sample of a given
mineral depends upon the ratio between the height and width
of the sample (slenderness ratio}.

b. For all the minerals tested and within the range of H/W ratios
studied, the apparent strength of each mimeral increased as
the ration of H/W decreased.

¢. Yor H/W ratios < 1,0 the apparent strength increased rapidly
and it was impogsible to induce failure in a test sample beyond
a certain limit of H/W. That is to say, beyond this limit,
samples were capable of sustaining very high etress indeed
without failure in the accepted sense.

Similar tests have been carried out by the author and his colleagues on
samples of slate, coal, iron-ore and herculite plaster, These results are also
shown in Figure 4. They confirm Dreyer's gencral findings, All these tests
were made at & uniform rate of loading.

One may suppose that the behaviour in ¢. above is a structural property
of the mineral or rock as opposed to the mechanical properties of the mineral or
rock substance, It seems a rational qualitative inference to utilize this structural
concept in a mining situation, by the proposition that a single pillar of a given
superficial area would sustain greater stress without failure than a larger number
of smaller pillars with the same total area. On the other hand, it wonld be im-
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prudent to import quantitative values from laboratory tests into the design of mine
pillars without a substantial factor of safety. There appears, first of all, to be
no whelly satisfactory way of calculating the amount or the direction of principal
stress on mine pillars and secondly, there is a considerable scalar difference
between laboratory specimens and pillers in the mine., The author has used
laboratory tests of the form suggested by Dreyer but with a safety factor of at
least 4. The hypothetical maximum pillar stress was calculated according to
what Coates (8) has defined as the 'tributary area theory'.

This is certainly a crude method of assessment but the degree of extra-
polation necessary from a controlled laboratory situation to the mine can hardly
be recognized in any other way. So far, measurements of stress and defor-
mation in mine pillars underground have net clarified the situation sufficiently to
justify a more optimistic approach.

An Analysis of the Mechanics of Panel and Pillar Mining

The panel and piliar system of mining is illustrated in Figure 5. It has
been used extensively in coal mining in Britain, France, Poland and the U.S,8.R,;
in iron-ore mining in Lorraine and in potash mining in Alsace.

It is characterized, in all adequately designed cases, by a flat, shallow
depression or subsidence at the surface., Details of ten examples are given in
Table 1. Until recently, there was no rationalization of the mechanics of the
system and design was largely based oa 'rule of thumb'., That is to say, it was
assuined that the widths of panels and intervewing pillars should be of similar
dimensions to give & nominal exiraction ratio of about 0.5, The range of panel
and pillar widths in Table 1 is from .08 x depth to 0.30 x depth,

In seeking pogsible interactions between the dimensional and structural
parameters involved in this system, it is evident that these should proceed
from or lcad to some hypothesis about its mechanics,

At its simplest, in cross section, the system may be regarded as a
series of arches supported by a series of abutments, If the abutments are cap-
able of deformation, the deformation may be assumed to be a function of the
gstress imposed on them. The structural behaviour both of the rock mass and
of the abutmente will therefore be significant; the former will influence the
widths of the arches and the latter the widths of the abutments.

Again, looking at the question quite simply, a first assumption is that
the weight of the block W x L x D, as shown in Figure 5, is supported on the
solid abutments. In the absence of any certain method of determining the distri-
bution of this load, it is only possible, for the sake of comparison, tc calculate
the average stress imposed on the abutments.

It is necessary to assume that the width of the edge abutments is greater
than half the width of the pillars. This gives an increasing average stresg as
the dimensions of the working area increase, There is support for this assump-
tion from Jacobi (9) who reported measuring stress for a distance equal to
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0.22 x depth into the solid abutment at a depth of 2, 600 ft and from Tincelin (10}
who reports a distance of 0.20 x depth at a depth of 800 ft,

Having calculated the average stress for the ten examples quoted by as-
suming a solid edge abutment in each case equal to 0.20 x depth, thia was con~
sidered in relation to the observed maximum vertical deflection or subsidence
at the surface as shown in Figure 6. The correlation was significant but ex-
amples 7 and 8 were discrepant.

If, however, average stress i8 a significant parameter, the behaviour
of the abutments - and particularly the pillars, has to he considered. Apart
from the mechanical properties of the material, the structural effect of pillar
dimensions must be compared. It was therefore supposed that:

5% = f(La’ H/W)

The ten examples considered in this way are shown in Figure 7, The
correlation is generally as good and leaves only example 8 gtill with a fairly
wide discrepancy. Some other parameter or parameters were presumed to
exist,

Structurally, the arches created by the extraction panels are of major
importance and to a large extent, where the rocks above the extraction are non-
cohegive, the volume of extraction will determine the height of breakdown into
the extracted area, This, in turn, will determine the height of the arch and, as
will be shown, the zone above and below the mineral extraction level which is
highly stressed. It was further supposed therefore that;

S =f (PH)
or 5% =f (P

and, combining this with the previous proposition, gives:
8% = £(Ly,H/W, P)

The examples from Table 1 are shown on the basis of this hypothesis in Figure
8. The results are remarkahly congistent with the view that each of the para-
meters has a dimensional and a etructural significance.

Some Examples of Designed Ponel and Pillar Workings

1. Figure 9 illustrates panel and pillar workings in a coal seam underlying
part of the University of Nottingham (Example 5 in Table 1){11). In this case
panels and pillars were chosen largely on the customary basis of minimizing
surface subsidence by utilizing panels having a low W/D ratio (i.e., W/D = 0.21)
with pillars of similar dimensions to give a nominal extraction ratic of 0,50,
Surface gubsidence observations were supplemented by a variety of measure-
mentd and observations underground to try and throw some further light upon

the mechanics of the system,
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Measurements were made of convergence at the pillar edges and in the
wall packs constructed in the extraction panels, The observed subsidence and
convergence resulis are shown in crosa-section in Figure 10 which algo gives
the significant dimensional details.

The immediate roof within the extraction panele caved freely behind the
advancing longwall faces. The measured convergence was inferred to be the
result of pressures imposed by the collapsed roof beds rather than by closure
between the unbroken main roof and floor.

The convergence near the pillar edges - the continuous recorders were
set 2 to 3 ft into the pillar sides - varied belween 10 per cent and 25 per cent of
the seam thickness (5.5 and 13.5 in.). Nevertheless, there was no material
spalling at the pillar edges and no maintenance work was required in the acceas
roadways at the edges of the extraction panels.

A heading was driven hetween Panels B and C and an attempt was made
to measure its convergence. The results were largely inconclusive because it
was clear that the movements were, in part at any rate, representative of purely
local effects, created by the existence of the heading 1tself.

Stressmeters were also installed in boreholes drilled in the positions
shown in Figure 9.

Of course, both the convergence and stressmeter results were incomplete
since the apparatus could only be installed when the workings had reached ap-
propriate positions, That is to say, some effects must have occurred before
the measurements hegan,

The stressmeters were of the M, R, E, type (12) which are essentiaily
strain gauges, monitored electrically, the strain changes being converted to
equivalent stress values from calibration tests made in the laboratory. The re-
sults of the measurements in the two boreholes gre shown in Figure 11.

One might draw two main conclusions from these results. In the first
place it would appcar that the increase in stress at the point nearest to the extrac-
tion panel occurred over a shorter period of time than at the point in the centre
of the pillar. Secondly, that the stress increase was more than twice the value
near the edge than at the pillar centre.

In the author's opinion such conclusions would be misleading., Funda-
mentally it was increasing or change in strain which was being observed. One
could therefore cxpect that the difference in lateral constraint would be an im-
portant factor in the strains developed and would lead to both a higher strain
rate and a higher total strain near the pillar edge,

Without a knowledge of the directions and relative magnitude of the
principal stresses it is virtually impossible to correlate unidirectional strain
measurements with applied stress. Unfortunately, there are still a number of
unresolved practical and theoretical difficulties associated with the measure-
ment or calculation of pillar stress.
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2. The author has also designed similar panel and pillar workings in consul-
tation with colleagues from Minea Domaniales de Potasse d'Alsace. The most im-
portant example concerns the mining of a seam of potash {Sylvinite) 7 ft in thick-
ness at a depth of 1,500 - 1,680 f1, The cover to the surface congisted of inter-
bedded shales, recck salt and anhydrite,

There was no vbaerved data on which to judge either the optimum panel
or pillar width and an experimental mine layout was set up with the cbservation
of subsidence as the primary control, supplemented by stress and deformation
meagurementa in the underground pillars and by laberatory tests on petash
samples from the mine, The latter were conducted in collaboration with
Potts (13) and McClain (14).

The primary objectives were the maximum rate of extraction consistent
with gocd operating conditions, stability of the mine structure and access road-
ways and minimal surface subgidence.

The general {ayout is illustrated in Figure 12 and three phases may be
distinguished. Initially, panels 108, 110, 112 and 114 were planned at widths of
130 ft {0.08 - 0.09 x depth) with intervening pillars of 250 — 300 ft. The panels
were 1o be worked by room and pillar with the smaller pillars left intact. Panels
110 and 114 were begun first, followed later by panels 108 and 112.

When panels 108, 110 and 114 were virtually complete and panel 112 has
advanced about 425 ft, the observed subgidence was virtually negligible. It was
then decided to increase the width of panel 112 to 165 ft (0.10 x depth) and to
extract the seam completely within this panel. The effect of this was marginally
to increase the surface subsidence.

Further dimensional changes were therefore made in relation to panels
102, 106 and 104 as shown in Figure 12. in this econd phase of mining, the
panels were extracted in the sequence 106, 102 and 104, TFigure 13 shows the
finally observed surface subgidence.

The maximum panel width was that of 104 at 245 ft (0.18 x depth). The
mininum pillar width was 102/104 at 165 ft (H/W ratio 1/24). The maximum
hypothetical pillar stress was in the order of 3,500 psi. Again, a correlation
calculation of the type

8% = f(Ly , H/W,P)

was rather difficult to make because of the complete extraction area to the north-
east, and the small left pillars in panels 108, 110, 112 and 114. An approximate
calculation for the three adjoining total extraction panels — 102, 104 and 106 was
made asguming an abutment support of 260 ft arcund this area of extraction.

This result is also given in Figure 8.

Two conclusions were drawn from thesedata. The first, that the panel

widths could be further imcreased without destroying the arch formation. The
second, and rathevr less positive from a deeign point of view, that pillars with

278



H/W ratio of 1/24 were structurally stable under the siress imposed upon them
in these circumstances.

These conclusions led to further changes in the dimensions of panels 116
and 118 to the west. At the moment, panel 116 has been extracted and panel 118
ig in the position shown, The surface subsidence i8 not yet complete but broadly
confirms the continuing structural stability of the system. The widening of the
panel dimengions will be continued as the mining area extends until chservations
suggeat that eritical limits are being approached. Up to this time it seems that
it will be posgible to achiave an overall extraction rate of 65 ~ 70 per cent at
this depth and still maintain stability and control,

3. The author has collaborated with colleagues from the Nord and Pas-de-
Calais Coalfield in France, in the design of panel and pillar workings in a coal
seam inclined at 25 - 40° (11) (15). The critical panel or arch dimensions were
determined from the subgidence criterion for which there was ample observed
evidence, This suggested a panel width of 0,25 x depth.

The coal was very friable but tests suggested a crushing strength of
approximately 4,000 psi at & H/W ratio of 1/16, The calculated hypothetical
maximum pillar stress at 70 per cent extraction and an average depth of 325 It
was approximately 1,000 psi, which gave a safety factor of 4, The general lay-
out of the workings is shown In Figure 14. Between the two lower horizons, at
an average depth of 620 ft, the H/W ratio of pillars was increased to 20 : 1 in
order to maintain the factor of safety at the higher hypothetical maxdmum piliar
streas.

The limiting conditions for the design were:

a. Lo achieve the maximum poasible rate of extraction congistient
with a maxdmum surface subsidence of 4 in.;

b. to maintain long term structural stability because of the
existence of underlying workable coal seams; and

¢. to provide the best possible operating conditions.

The seam had an average thickness of 3 ft 6 in. and the maximum allow-
able subsidence of 4 in. was only fractionally exceeded at a nominal extraction
rate of 65 per cent, Working condltions were excellent and, in particular, no

repair work was required in the level or slant roadways in the seam,

The inclination of the seam and the presence of surrounding areas of
total extraction make difficult a correlation calculation of the type:

8% = f(Lg,H/W,P)
An approximate calculation gives & predicted subsidence af 3.2 in.

compared with an observed 4,0 in, This result is shown in Figure 15, If any
inference can be drawn at all from this diserepancy, it would be that the situation
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might have been influenced by the different structural properties of this coal com—
pared with the British examples in Table 1.

4. Figure 16 illugtrates the extraction of a coal mine shaft pillar in the
vorth of France by means of a modified panel and pillar system (15). The pur-
pose in the cage was to protect the shaft and surface installations to the greatest
possible extent by controlling the movement of the main rock mass. The situation
was hot ideal because of the existence of previous extraction areas around the
ghaft pillar and the presence of faults which imposed limitations of the extraction
boundaries. The final measured surface subgidence and vertical deformation of
the shaft are given in Figure 17. The suriace subsidence was broadly as
predicted.

The examnple is of special Interest because of the shaft measurements
which appeared to indicate that:

a. There wag [ttle or no transient or final vertlcal deformation
in the upper part of the shaft, that is, the main rock mass
subgided more or less uniformly.

. There was verticsl compressive deformation in the shaft
for a distance of about 390 it (0. 30 x depth) above and 190
ft (0,15 x depth) below the mined seam. This compresgive
deformatlon only reached measureable proportiona when the
two extraction areas hed approached and were very close to
the shaft,

¢, The deformation was virtually static within a month or so of
the completion of extraction. It was not posagible to continue
the observations after that time.,

The uniformity of the surface subsidence and the ahsence of deformation
in the upper part of the phaft would seem to confirm the general atructural con-
cept of the system developed from previous mine experiments and from obaerva-
tions. However, the compressive deformation in the lower part suggests that
the abutment is not confined to the extracted horizon but includes the rocks for
gome distance above and below it. It would follow that the relative structursl
properties in compression of the rocks above and below the mineral pillars
should also be brought into consideration. Further observations are required
before this can he achieved.

An Anolysis of the Mechanics of Room and Pillar Mining

Although it haa long been believed that some surface subgidence would be
caused by rcom and pillar mining, few obaervations are available from publisbed
Jiterature. Certainly, no atiempt seems to have been made to rationalize the
subsidence process caused by such mining. Those detrils which the author has
been ahle to find are agsembled In Table 2, The examples are all from coal
mines each of which showed the development of a shallow bagin of subsidence
with a peripheral extension beyond the actual extraction boundaries.
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Examples 2 and 3 had the highest ratio of extraction and also the high-
est subsidence and a general examination of the data suggested a correlation
between observed maximum subsidence and the hypothetical average pillar stresa,
The latter was again calculated from the weight of the overburden distributed
over the area of the solid edge abutments plus the area of the left pillars as
shown in Figure 18,

Total weight of overburden = D3 (x + 0.4) {y + 0.4)

Area carrying load = D2 xy (L ~R) + 0.4 (x + ¥y + 0.4)

Average stress on pillars
3 x+0.4) (y +0.4) ]
and abutments =D [xy(l~R}+0.4(x+y+0.4)

Figure 15 shows the calculated variation in average stress for a working
of length =2.,0 D, widthe y = 0.2 D - 1.6 D and an extraction ratio of 0.5.

The other parameter which seerned likely to affect the maximum sur-
face deflection was the pillar height to pillar width ratlo. It was therefore postu-
lated that:

5% =1 (Lg, H/W)
where 8 is the observed maximum subsidence
Ly is the average stress on pillars and abutments
H is the original height of the pillars or the worked seam thickness
and W is the width of the pillars.

Figure 20 shows the data given in Table 2 graphed according to this hypothesis.
The correlation appears to he significant but the number of observations is
inpufficient to indicate its real strength,

In general, however, the results gupport the proposition that the aver-
age pillar stress is relatively small at low working width to depth ratios, That
is 1o say, with the notion of an arch formation within which the pillars are not
stressed to the maximum. Also, it emphasgizes the importance of H/W ratio
of the pillars and this ie particularly clear from the comparison between
examples 3 and 4.

Comparison Between Ponel and Pillar and Room and Pillar Systems

Within the range of results studied, one is led to the conclusion that
the panel and pillar system is inherently the more stable for the same conditions
of stress and extraction ratio. Case No. 3 in Table 2 may be used as an example.
The dimensions of the worked out area were 500 x 500 ft and the same ratio of
extraction (0.69) would be produced by four panels of 105 ft {0.21 x depth) and
three pillars of 55 ft (0. 11 x depth) in width. For this system:
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8% = f (Ly,H/W,P)

=f (880 x 0. 146 x 105)

=1 (13,500)

The value of 8% from the graph in Figure 8 is only 15 per cent compared
with the observed value of 34.8 per cent over the actual rocm and pillar workings.

The main problem of course in room and pillar mining is to determine
the optimum pillar dimensions. This requires firstly an assessment of the
maximum stress to which a pillar will be subjected in the mine and secondly an
assesament of the capacity of the pillar to sustain stress. The risks attaching
to extensive mining with the room and pillar gystem are emphasized by the dis-
asters at Coalbrook in South Africa and Champagnoles in France. Even when
Ioss of life has not been Involved, mine operations have often been Interrupted
and areas have had to be abandoned with consequent economic loss, The prob-
leme of design for small pillars must cbviously increase with working depth and
increasing seam thickness and the room and pillar system is then only operahle
elther at a relatively low rate of extraction or at a marginal factor of safety.

The panel and pillar system has, in the author's view, a much higher
intrinsic factor of safety and also offers generally the possibility of higher
extraction ratios, Moreover, it i8 probable that a combimation of rocom and pillar
working - within areas which were more generally supported by stabilizing
pillars - could be used to considerable advantage both from the point of view of
economic extraction and safe mine design.

Conclusions

The method given in this paper for analyzing and comparing partial ex-
traction systems arises from a broad structural concept of mine design. The
data available, although statistically limited, nevertheless underline significant
parameters which can and have been used in practical mine design.

Surface subsidence 18 relatively simple to measure compared with the
measurement of stress and movement in the mine. Moreover, it appears that,
by careful analysis of a sufficiently large nuwmber of results from a wide variety
of physical and geological conditions, it is possible to isolate main parameters
and to describe their probable interaction. Many measurements and cbservations
underground are not susceptible to such analysis and, often encugh, it is difficult
to know exactly what is being measured. in the author's opinion the importance
of surface subgidence as an analytical and practical tool in rock mechanics and
mine design has not yet been sufficiently recognized.

It can be deduced from subsidence measurements and other supporting
evidence that safe control of the movement of the maln rock mass is possible
with the panel and pillar system of mining. It is further suggested that extraction
ratios up to 0. 75 are poasible without losing this control.
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50 far as room and pillar working is concerned, it can be envisaged
that this could be used for extraction panels of planned dimensions scparated by
appropriately dimensioned barrier pillars. This might well serve to extend the
range of application and the salety of small pillar mining, )
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TABLE 1

MINE o » w H 8 I L " LxZ Lafap
1 llandsworlh 360 a7 125 4. 468 O, 1dd a,.23 0,45 590 Ll El. U& 20
2 Barhbara + 558 164 131 3.M o, 187 5.00 0,55 a16 a 27.55 4520
3 Hucknall o 576 145 145 4. 50 o, 208 4. 53 050 BE1 ki 26.72 J&TO
4 Glenochil a BEB 185 180 2.8 0. 151 5. 90 o4t fila E 13.72 1715
5 Wolluton 725 150 145 4,50 . 262 6,48 0,50 LoT a3 2321 4380
B Emibaton o Bap a7 L70 [ 0, 660 1L, 00 0,53 1205 b 42,53 TG0
T Wearmouth o 1800 240 250 4.98 0. 280 B. 00 0. 49 2450 4 28. 52 cas9
¢ Easthouses o 2020 545 550 5,592 0940 15.80 0. 50 3290 JB. 42 19300
9 Cadaby 2250 240 L0 5.530 wTTR 14. () 0,41 3z W 48,95 11700
10 Brudiord o 2700 210 400 5. 84 0.920 15. 70 042 JERY 3 TL G4 150640
g Orchard N =depth {{t}
+ By courtesy of Profeasor Knothe ‘l;, ; rlll';:]l‘ ‘::1:11[];1 {:f[tl'_l}
H = Besm thiclmeas {Ity
& = subsidence (i)
51 = subsid 18 2 ol seam Lhick
R = nominal rate of extraclion
L = awerage loud
n = number of panels
TABLE 2
Example Bource n H w Hiw 5 R Ly 5% Ly, x H/W
1 M. Sialls 450800 4. 60 30 0.154 a 0,41 80 105 147
2 o 260 4.25 10 0,425 16 0,70 525 23,5 223
3 + 500 B. 0D 1€ (approx) 0. 500 24 0,68 680 348 440
L Cannock Bro F. U0 50 0140 10 0.3t 10510 N3 147
S a 330 4.25 44 0. 087 16 0,46 470 2.0 48
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+ Herbert & Routledge, U.S. Departmenl of Commueive, BulleHn 258
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Figure 3. Diagram showlng maximurm
width of pressure arch for

different depths of working,
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AVERAGE LOADING (pui)
Figure 6. Graph showing correlation between observed subsldence and
calculated average loading for examples of panel mnd pillar
workings.
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Figure 13. Cross—gection through panel and workings st a potash mine in Alsace,
France, showing obgerved surface subsidence.
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Figure 14, Plan of panel and pillar workings at a coal mine in the Nord and
Pas-de-Calais Coalfield, France, showlng observed contours of
subgidence.

292



Surface B

Depth S8m

[»] h
tpth 255m SCALE : I/2500

Figure 15. Vertieal cross-section along line A-B Figure 14 showing observed
aubsldence over panel end pillar workings at a coal mine In the
Nord and Pas-de-Caleis Coalfield, France.
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Figure 16. Plan of workings in shaft pillar at pit No. 7 H.D.N,B.C,
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