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Foreword

Through the initiative of Professors R, G, K. Morrison, A,V. Corlett
and H,R, Rice of McGill, Queen's and Toronto Universities reapectively Cana-
dian rock mechanics symposia were initiated and held at those universities in
the years 1962, 1963 and 1965, From the beginning, these symposia have been
supported by the Mines Branch through the contribution of papers and through
the publication of the Proceedings. It is a credit to the organizers of these
symposia that they have been well attended and have been the scene of many
fruitful discussions.

With the completion of the initially planned three symposia, the Cana-
dian Advisory Committee on Rock Mechanics tock the initiative to propose that
the 4th Symposium be jointly sponsored by the Canadian Institute of Mining and
Metallurgy and the Committee, supported as previousaly by the Minea Branch.
Accordingly, the 4th Canadian Rock Mechanics Symposium was held in conjunc-
tion with the Annual General Meeting of the CIMM in March 1967. The sympo-
Bium was organized by the Committee's subcommittee consisting of Professor
A.V. Corlett, Dr, W.R, Horn, Professor A. Bauer and Mr. V. Haw together
with the Technical Program Committee of the CIMM,

The theme of the symposium - field studies - was selected to be of
greater interest to those who would not be specialists in the field of rock me-
chanics but who would he interested in attending the symposium while at the
Annual General Meeting of the CIMM. In addition, in view of it being Canada's
Centennial year together with Canada being hosts of the Expo World's Fair, it
was considered appropriate to invite international participation, We were
fortunate in having contributions from the United Kingdom, Sweden, U.S5.A,
and the Repuhlic of South Africa.

Rock mechanics is a difficult scientific area for quick results. At
this stage, it requires encouragement, much research and good commurmrications.
These gymposia contribute to these requirements and are assisting in the pro-
gress of the subject from the area of pure science to estahlished engineering.
Much credit is due to the many idividuals in the universities, in the mining
companies, in goverument agencies and in the professional societies for co-
operating in advancing the subject through these meetings.

A. Kerr, Technical Program Chairman, D.F. Coates, Chairman,
Canadian Institute of Mining Canadian Advisory Com-
and Metallurpgy . mittee on Rock Mechanics.
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OPEN PIT DRILLING -
FACTORS INFLUENCING DRILLING RATES

A, Baver* oand P.N. Calder*

Abstract

An empirieal rotary drilling equation, derived from
previously published field data, is used to relate the drilling
rate to rock strength, pulldown weight, rotary RPM and hole
diameter. To account for these empirical resulia laboratory
indentor tests were conducted to atudy rock failure beneath
"buttan" bit ingerts, as used in drilling hard reck.

The results of these tests are deacribed and it is
shown how 8 model based on indentor penetration and sub-sgur-
face fracturing can be used to describe and predict drill per-
formance. The model explains the dependence of the drilling
rate at a given pulldown weight on rock strength and RPM.
Further work is required, however, tc describe completely the
relationghip between pulldown weight and drilling speed,

Introductian

In previous articlea {1, 2, 3) it was shown how the uniaxial compressive
strength of rock could be used to give a good estimate of rock drillability. Cor-
relations were given for various sizes of rotary, percusdive and jet-piercing
drills, It was shown how, with improved bit design and larger machines, rotary
drills were extending the range of rock types in which they offered the best
economics, Today they offer the best economica in most rock types encountered
in mining, This has been at the expense of hammer drilla and jet-piercing ma-
chines, both of which have undergone nc major improvement in recent years.
This paper deals with the factors affecting rotary drill performance.

*Mining Engineering Department, Queen's University, Kingston, Ontario



The Inflvence of Rock Strength

Rotary Drilling Equation

Based on curves previously publisked {1, 2, 3) relating penetration rate
in the field to RPM, pulldown weight and rock strength, it is posaible to write
an empirical equation containing these relevant factors which affect rotary drill
performance. This equation is as followa:

R = (61 - 28 Logy08c) x Wx RPM

resee 1
250 x ¢
where
R = penetration Tate in ft /hr
Bc = uniaxial comprersive rock astrength In
psi x 10-3
W= pulldown weight of machine in 1b x 10-3
¢ = hole diameter in inches.

Table 1 gives a list of currently available rotary drills with their capa-
citied. These machines are all designed to have an operating maximum of
gbout 90 RPM, Many operators run their machines at lower values however and
60 RPM was typical for hard rock operations until relatively recently.

Figure 1 shows the recommended pulldown weight per inch of bit diam-
eter for bits currently available, The larger the bit the greater the proportion
of bearing area, hence the improved weight capacity. This limitation is con-
tinually being improved upon with advances in metailurgical end engineering
design,

Figure 2 gives the penetration rate versus rock compressive strength
for various hole diameters based on Equation 1. In each case the recommended
pulldown weight, as in Figure 1, was used along with an RPM of 60, The com-
pressive gtrength ranges of a few common rocke are also shown in this figure.
Nearly all rockse mined fall within a compressive strength range of 5, 000 -
50,000 pei. Figure 2 shows that the larger drills can obtain penetration rates
of gbout 25 ft/hr in the hardest of these rocks (50,000 psi, quartz-magnetite,
taconite). This would have been unheard of only a few years ego.

Drilling rates for conditions other than those of Figure 1 can readily
be calculated using Equaticn 1, as shown in the following example:



Example:

In a rock with a wniaxial compressive strength of 40,000 psi a 100, 000
1b machine is drilling 12-1/4 In, holes, The operator is using a pull-
down weight of 50,000 ib and a rotary speed of 45 RPM. What is the
penetration rate and how can this be improved upon ?

From Equation 1:

R = (61 -28x1,602) x50 x 45
250 x (12-1/4)

R

I

11.8 fi/hr,

If the pulldown weight i8 incrensed to 90,000 1b then the weight per inch
of bit diameter is 7,300 1b which from Figure 1 is satisfactory, This will im-
prove performance, The rotary speed can also be increased to increase the
penetration rate, which for 90,000 1b and 90 RPM is:

R <= (61 -128x1,602)x90x90
250 x 12-1/4
R = 42,6 ft/hr,

These penetration rates repredent the footage drilied during the time
actually spent drilling, Many operators keep track of drilling rates on a ahift
basis, Normally only 65-70 per cent of the time a drill is manned will be spent
drilling, The rest of the time will be spent moving, changing bits, ete. Thus
the penetration ratea on a shift basis In thid example would be, 7.7and 27.7{t/hr,

TABLE 1

Capacities of some Typical Rotary Drilling Machines

Type Machine wt-ib, Max RPM Hole Size-in.

30 R 35, 000 90 6-3/4
40 R 45,000 90 7-7/8
50 R 60, 000 50 8-7/8
60 BH 65, 000 90 9-7/8
45 R 75,000 90 9-7/8
60 R 160,000 90 12-1/4
61 R 120,000 90 15
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Machine Characteristics Affecting Drilling Rates

Pulldown Weight

It can be seen from Equation 1 that the penetration rate ig directly pro-
portional to the pulldown weight. The maximum pulldown weight a machine can
deliver is the weight of the machine itgelf. Figure 3 showa the weight of ma-
chine required to deliver the desired weight per inch of bit for various hele
gizes, The largest currently available rotary drill is the 61-R which weighs
about 120, 000 1b and can be fitted to drill either 12-1/4-in. or 15-in, -diam
holea,

With the trend towards greater bench heights, increased burdens and
spacings, and larger mining shovels it {8 apparent that even larger hole sizes
will soon be in demnand. Considering thig and the fact that bit design improve-
ments will allow for greater pulldowns, then if the present trend continues these
machines will socon become unwieldy in size if one goes exclusively to increasad
pulldown weight for Increased performance,

Rotary Speed

From Equation 1 the penetration rate is also directly proportional to
the RPM. Thus an increade in RPM could be used as a substitute for an in-
crease in machine weight to obtain the same result. Figure 4 shows the RPMs
that would be required to maintain a penetration rate of 35 ft/hr in a rock of
compresgive strength equal to 30,000 psi with increasing hole size. The ma-
chine weight is constant at 75,000 lb. For stronger rocks the RPM equivalent
would increase,

When operating a machine at a higher RPM it is important that the ma-
chine be in good mechanical condition, otherwise vibration problemas may be
encountered. Tests were conducted in taconite up to 100 RPM without encoun-
tering any vibration problem,

From the sbove considerations, the development of higher speed rotary
drills would seem to be a better alternetive than the construction of still larger
and heavier machines, In addition, the efficiency of present machines could be
greatly increased by giving them additional rotary speed capacity. For example,
an RPM of 120 would double the penetratlon rates shown in Figure 2. Running
at higher RPMa should have no effect on bit life provided the air system of the
machine is sufficlent for cooling bearings.

The Mechanics of Rock Failure in Drilling

Drilling is accemplished by the action of a bit against a Tock surface,
The function of a drill bit is to transmit energy from the machine to the rock
in the moagt efficient manner. Figure 5 shows a typical three cone rotary bit
with tungsten carbide inserts, This type of bit i# used in hard rock formations
(Sc > 15), in softer formations steel teeth replace the inserts, Figure 6 shows
a percugsive bit with tungsten carbide inserts. Im order to design a bit that will
give optimum results it is necessary to understand the mechanism by which rock



feils under the action of theae inserts (called indentors), Figure 7 shows the
bottom hole pattern creeted by a 9-7/8-in, tri-cone rotary bit in specularite-
magnetite ore, It is appareat that energy is transmitted simply by pushing the
bit indentors against the rock and that the rotary action is principally to bring
the next indentors around in hard rock., A study of indentor penetration in rock
was therefore underteken to determine the important parameters in drilling.

Indentor Teasting Procedure

Tungsten carbide ingerts were mounted in steel platens as shown in
Figure 8A, The majority of tests were with 9/16-in, ~diam hemispherical or
1/2-in, -diam blunt comcal (see Figure 22) indentors, which are standard in-
serts used in various brands of rotary bits. Tests were run with single, and
in some instances double and triple hemispherical indentors, A few tests were
alao run using wedges and gtreamlined indentors. The tests consist of prea-
sing the indentors normally into flat rock surfaces using a 200,000 1b Riehle
Testing Machine equipped with an X-Y recorder to automatically record the
force-penetration data, The loading rate was .033 in. /min, Faster loading
rates, up to 2 in, /min were run with no noticeable change in the results. Fig-
ure 8B showe some typical craters produced in Queenstown limeatone using
single hemiapherical indentora. Figure 8C shows similar results in Barre
granite.,

Force Penetration Curves

Figure 9 illustrates the force penetration data for a geries of testg in
Quesnsgtown limestone. In the QL 7 series a single hemiapherical indentor was
uged, and a single conical Indentor was used in the QL 8 and QL 9 geries, In
these tests penetration was halted at 0,1 in. The hemispherical indentor gave
a linear force-penetration curve straight from the origin while the conical in~
dentor gave a gradually increaging slope until a stable value was reached. The
peaks and other discontinuities represent relief due to failures in the rock and
will be discussed later.

Figure 10 shows examples of the force-penetration plote for a series
of tests with a single conical indentor In Queensiown limestone. These tests
were conducted tc a depth of 0.2 in. Again the tendency for an increasing slope
to some fixed value was evident, Figurs 11 shows the results using a hemi-
spherical indentor, and as in Figure 9 the slope was linear.

Figure 12 is for single conical indentor tests in New Hampshire pink
granite, and Figure 13 is for asingle comcal {BG 1) and gsingle hermispherical
(BG 2, BG 3) {esta in Barre granite. It can be seen that in this case the slope
of the force penetration curve for the hemispherical indentor increaged slightly
to some value from the origin, in a manner similar to the corical indentor in
limegstone. This behaviour is typical of harder rocks.

95038—2%



Figure 14 gives the results of tests conducted in specularite-magnetite
ore with a single hemippherical indentor, This rock showed no tendency to re-
lieve itself of the load applied. Flgure 15 shows the resulte of similar tests in
taconite. These curvea do contain discontinuities due to stress relief.

Figure 16 (C2, C4) shows test results obtained using a single hemi~
gpheriecal indentor with an insert spacing of 2 in. It can be seen that the slopes
of the force-penetration curvea using the double indentor are approximately
double the slopes uging the gingle indentor as would be expecied.

Figure 17A shows the results of a triple hemispherical indentor test
{1-1/2 in, centres) in Queenstown limestone. The slope of the linear portion
of the force-penetration curve is approximately three times that of the single
indentor case, Figure 17B shows the result produced using a 1/2-in.~diem
streamlined (bullet-shaped) indentor in Queenstown limestone, A very large
crater was formed In this case at a relative low load. Figure 17C shows the
test result using a 3-1/16-in.-long wedge of 60° included angle in epecularite—
magnetite, Here again the slope increased from the origin to a constant value,

Indentor Crater Characteristics

Figure 18A ghows the crater produced in test QL 6-2, The force-
penetration curve for this test is included in Figure 11, Notice the peak in the
force-penetration curve at a load of 8,000 1b and a depth of .08 in, Thia cor-
responds to the formation of the large chips surrounding the crater centre,
Figure 18B shows a plan view of the crater following sectioning and chip re-
moval, the scale givers an idea of ths crater size,

Figures 18C and D are close-upa of the indentor "seats". The surfaces
of these are glassy in appearance and have probably undergone some recrysatal-
lization due to intense pressurse. Below this glassy surface is a shell of highly
oompacted material which is bleached in appearance (Figure 18). Extruding
from the base of this shell are finger-like wedgegs of crushed material which
work their way into sub-surface cracke caused by the stresa field set up around
the indentor. These stress flelds will he discuased later.

in Bome tests the blocks split vertically under the indentor instead of
forming chips at the upper surface, This problem was eliminated by using
larger blocks end, in scme cases, by setting the blocks in concrete with rein-
forcing bars. The mode of failure when these vertical splits formed however
wasd qulte interesting and gave additional evidence of the formation of zones of
crushed wedging material, Several of thege are ghown in Figure 19,

Figures 20A and B abow sectioned views through indentor seatsinlime-
stone, C and D show wedges extending sub-surface cracks in limestone,

In Figure 21 sectioned views of craters In several materials are shown.,
In each the shell of crushed material has been Temoved, Sub-surface crack
patiterne and discolorations due to crushing are evident,



Figure 22 shows bottom, side and top views of two large limestone chipa
showing their typical shapes. An idealized lndentor cratering model, based on
the evidence of the previous discussion, is shown in Figure 23.

Rock Penetration Model for Indentors

One important conclugion that can immediately be drawn from the in-
dentor tests is that, for indentor shapes commonly emplaoyed in drilling, the
force-penetration relation is either linear or hecomes linear z& penetration pro--
ceeds. It ip migo apparent that indentors "geat” themeelves on a shell of highly
compacted material as the applied load builds up., The result ig that the area
of the indentor rock contact also becomes constant as penetration proceeds,

Baged on this evidence, the following rock penetratiocn model for in-
dentors is proposed:

E
where h = depth of penetration
K = rock penetration constant
F = applied force
A = horizontal projection of Indentor area
atdepth h .

Based on Equation 2 the following general relations for various inden-
tor shapes may be derived:

Wedges:
A = 2 L hten (§/2)
where L = length of wedge
8 = Included angle of wedge
. K = __ ¥ veses 3
L tan (8/2) h2



Hemispherea:

A = mh (2 r-h)
for b<r

T = radiue of hemisphere

o kK = ——f - ceren 4

1rh2(r - E)
Cones:
Let 7} = included angle of cone, then

A = = (h tan (6/2))2

L K = ¥ . 5

r b tan? (6/2)
Congtant Ares
For an indentor of constant area:

kK = £ .. 6
K is therefore simply the slope of the force-panetration curve when it
becomes linear, divided by the contact area.

The followlng conclusion regarding the energy (E) required for inden-
tor penetration may be drawn, (4):

h
Sinoe E = ¥ dh
o
h
E = KA o h dh
AKh?
E =
2
or: h o EL/2 ceenn T

Rock Penetration Congtant

Table 2 gives the rock penetration constant K , determined for the va-
rious rocks tested from the stable glopes of the force-penetration curves.
The curved lnitial portions of the curves can be explained by the dependence af
A on h, Fgquations 8, 4, 5, until a constant-bearing area is built up, Log



plots of an area under the force—penetration plots versua penetration are linear
with slopesa of 1/2 indicating that Equation 7 ia obeyed and A is constant es-
sentially since the area under the initial sloping parts is small, The uniaxial
compreasive sirengthse of the rocks, determined using e length-{c-diameter ra~
tio of 2-1/2 : 1 are also included in Table 2. Figure 24 is a plot of Sc versus
K, and shows an excellent linear correlation between the two.

An interesting sidelight is that indentor tests of this type could he used
to determine the uniaxial compressive strengths of rocks both in the laboratory
and in situ.

TABLE 2

Rock Penetration Congtants {K) and Uniaxial
Compressive Strengths (Sc) of the
Rocks Tested

K-2_xi0-6
Rock Type IN3 Sc-psi
Marhle 4,26 5,520
Queenstown 9.69 10,900
Limestone
Barre Granite 13.4 14,300
New Hampshire 18,2 19,100
Pink Granite
Specularite- 22.5 23,500
magnetite Ore
Taconite Ore 29,0 28,700

Rock Fallure Beneath Indentors

The full depth of rock destruction achieved by an indentor is caused by
its penetration plus the rock fractured beneath it by the stregses it induces,
The linear reletionghip of K versus Sc¢ having been established, remalns
to determine the extent of damage due to the stress flelds around the indentor,
Assuming a homogeneous, isotropic, elastic media, Boussinesq's Equations 5,
6 can be applied, Equations 7, 8, 9,

Figure 25A shows the case of g line load acting normally on the edge
of a semi-infinite plate. The stress distribution for this case may be solved
using the two dimensional form of Boussinesq's equations. These stresses
will be similar to thoae Induced beneath the tip of a wedge-shaped indentor in
an elastic situation, Figure 25B sbows a point load acting normally on the sur-
face of an elastic half space, The three dimensional form of Boussineaq's
equations give the stresses for this case. These may be taken as an epproxi-
mation of the stresses bensath a hemispherical or conical indentor in rock,
Figure 26 shows the stress trajectories for hoth these cases,



Once the stresses beneath an indentor are determined it is necessary
to aasume a failure criterion in order to predict failure, Equatian 13, At Iow
values of confining pressures the simple Mohr-Coulomb criteria give a good ap-
proximation, Referring to Figure 27, failure will occur when the shear stress,

r ,equals C+ otan ¢

where C = cohesive strength of material

¢ angle of internal friction

v normal stress.

Failure occurs at an angle ¥ , as shown, and:
¥ o= 45 + /2 veees B

Also from the geometry:

(Tmax+0‘c - w .. 9
mint ¢
where
w = tean2 45 +¢/2 S
and
o = 2gin ¢ 9c 11
(L-sino¢)

The dotted line in Figure 27 represents a modified failure envelope
which has the form of a parabola, Equation 11. This type of failure envelope
should be uaed where confining pressures are involved (¢ max™> 5¢).

Failure surfaces may be defined as surfaces everywhere tangent to the
direction of failure. The direction of failure, ¥ , is given by Equation 8,
Thue knowing the principal stresa trajectories the failure planes are knowa.
Failure planes for the case of line and point loads take the form of logarithmic
spirals, as shown In Figures 26A and B. The shape of these spirals explaina
the shape of sub-surface crack patterns in indentor testing,

Line Load Case

In this case Boussineaq's equations are;

oy = 2 Fsin® eea. 12
mr
g8 = Tl = o aiaa. 13
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The streas distribution ig one of aimple radial compression, Consider a circle
of diameter d drawn with its centre along the axis of loading and tangent to the
surface, At any peoint on the cirele, r = d sin 4, substituting this in Equa-
tion 12, gives:

o=l

2F
rd

or

using Equaticns 9, 10 and 11:

d = 4F veaa. 14
(1 ~ sin¢)} B¢

This equation defihes a c¢ylindrical failure envelope within which fail-
ure will have occurred for a given applied load and physical rock properties,
Thus the solid portion of the spirals shown in Figure 26 represent the extent
of failure for a set of given conditions, the broken spirals show the paths aiong
which failure will proceed as the applied load ie increased. It should be noted
that an infinite force would be required to extend the failure spirais to the
gurface,

Point Load Cage. The failure envelope in this case is roughly a sphere,
symmetric about the axis of loading and tangent to the surface, B8 shown in
Figure 26B.

Along the axis of loading Bouasinesq's equations for this case are as
follows:

fr = Tmin = O

az = “max = 3F .. 15

Yaing Equatons 9, 10 and 11;

1/2

d = ( 3 I' sin ¢ ) ceeee 18
w8c (1 -pin¢) (w-1)

Multiple Loads. It 18 posaible to calculate the totel siress field set-
up when there 18 more than ane simultaneous contact point. However, indent-
ors that touch simulteneously in present rock bits are too far apart to reinforce
one another.

Rotary Drilling Model

Based on the indentor test results and analytic considerations just pre-
gented, the following rotary drilling model i8 proposed,

11



The penetration achieved by an indentor pushed into a rock surfece can
be calculated using the rock penetration constant ag previcusly described. In
addition, the extent of rock fracture beneath the indentor tip can be estimated
using Equation 16. If the apacing between successive points of indentor appli-
cation is equal to d , the diameter of the spherical failure envelope predicted
by Equation 16, the two apheres will touch and thus breask a piece out. Ideally
then, the amount of penetration caused by this action would be d/2. The actual
case i8 more complicated and such things a8 wedging, discontinuities caused
by previous indentations, etc., play a part. As an approximation the penetra-
tion caused by this factor will be teken as Kjd end Ky will be determined from
field data, The totel penetration H , is then:

1/2

H = Kl(z 3 F (2 sin¢) ) +h ... 17
7 (1 - ging) (8¢ (w~1}))

where

h is the indentor penetration calculated using K and, for a hemi-
spherical indentor, Equation 4.

Agpuming an angle of internal friction ¢ = 30°, which is a good ap-
proximation for moat rocks, Equation 17 reduces to:

1/2
3F

= o a. +
H K (21r Sc) b 18

In Figure 28 values celculated using Equation 18 are compared with
field data. The field data 18 from 60-R tests at a pulldown weight of 80,0001b
and an RPM of 60 using 9-7/8-In. bita. In order to use Equation 18 the maxi-
mum weight acting on an individusl compact must be estimated, Referring to
Figure 5 it 18 evident that hetween 14 and 18 compacta will touch simultanecus-
ly. The meximum weight per indentor 1s therefore eatimated as:

F = 80,000 = 5,000 Ib
16

Using this Figure and K , estimated at 0.4, the penetration rate in
ft/hr 18 caloulated as follows:

H is celculated using Equation 18. This value represents the thick—
negas of the layer of rock removed from the hole bottom during each rotation of
the bit.

ft/hr = HxRPM x 60
12

It i8 seen that the model fita the field data quite well,

12



Discussion ond Conclusions

1. It 1e possible to determine a rock penetration constant, K, which varies
linearly with the uniaxial compressive strength of the rock. This constant can
be used to predict the glopes of indentor force-penetration curves.

2. If sufficient force {8 applied to an indentor, a chipping process takes
place. This can be explained by conaidering the extent and direction of failure
because of the siresses involved, and the effect of wedging caused by crushed
material being forced into partially formed failure planeas.

3. The force required to cause chipping on the surface of flat undamaged
samples i8 much greater than the force per insert available on present drilling
equipment.

4. The total penetration achieved per indentor in rotary drilling is made
up of a linear portion because of indentor penetration { <10 per cent of total),
plus a portion caused by stress fracture beneath the indentor tip. Calculations
based on these considerations for a given RPM and pulldown weight follow
field data quite well,

5. Since most of the hole penetration is achieved by stress fracturing
{ > 90 per cent), it can be stated from Equation 18 that:

1/2

R = (—-F—) eeers 19
Sc

where R is the penetration rate.

6. The R = 1 relationsghip is in close agreement with field data,

scl/2
this accounts for the good correlation in Figure 28,

7. The R « F1/2 relationship is not in agreement with observed results,
Equation 1, based on field data, showa that over the range for which resulta
are avallable, R« F,

8. Referring back to item I in thig liat, it is posaible that for the frac-
tured end irregular conditions which prevail at hole bottom chipping is possible
at the loads avaeileble. This would account for the observed high penetration
rates, Further inveestigation should be conducted in this area.

9. Indeptor tests can be performed on rocks, either in the leboratory or
In situ, to give a good estimate of drilling penetration rates and uniaxial com-
pressive strengtha,

10, The most promising possibility for a major improvement in drill per-
formance at this ime {2 the use of high rotary speeds in drilling.
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CONTROL OF GROUND MOVYEMENT
AT THE GECO MINE

R.C.E. Bray#*

latraduction

The lessons in ground control at the Geco Mine have been learned by
experience, From the behavicur of the ground in the first block of stopes
mined, certain assumptians were made for the design of the second block of
gtopes. The adverse effects which resulted from this mining program necessi-
tated modifications 1n the dimensions of subsequent stope Iayoute, hut also re-
sulted in the evolution of a shrinkage-blast hole type of mining which has been
used very successfully since.

In this paper, the early mining efforts are described as well as the
subsequent modifications which were adopted to correct the faults in these ini-
tial efforts.

The Mine Property

The Geco Mine, a division of Noranda Mines Limited, is a base-metal
operation in northwestern Ontario, 50 miles north of Lake Superior and midway
between the cities of Port Arthur and Sault Ste. Marie, From the commence-
ment of production in September 1957 to the end of 1868, a total of 828,700 tons
of copper concentrate, £88,600 tons of zinc concentrate and 14,570 tons of lead
concentrate have been produced from milling 12,141, 600 tona of ore. The cur-
rent rate of production is 4, 000 tons/day. Three quarters of this comes from
blast hole stopes and the remaining quarter from cut-and-fill stopes, and stope
preparation (both blast hole and cut-and-fill), The details of the mining oper-
ations have heen deacribed by McLecod (1), Marshall (2), and Brooks (3) and
are therefore dealt with only briefly.

*Noranda Mines Limited, Geco Divieion, Manitouwadge, Ontario,
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Mine Geolagy

The paper by Brown and Bray (4) gives a detalled deseription of the
geology of the mine and need not be repeated hare. Certain features of the
structural geolegy which have & bearing on the mining operationa are of interest.

The Geco orebody, In common with other known orebodiea of the
Manitouwadge area, is associated with a dragfold on the south limb of the
Manitouwadge ayncline. This major geoclogical structure, the nose of which is
about five miles west of the Geco plant, has an easterly plunge, and all the ore-
bodies have a asimilar plunge.

The Geco ore occurs in a8 quartz muscovite schist, having developed
along an east-west fault which parallels the axial plane of the dragfeld, The
orebody consists of a core of massive sulphides (chalcopyrite, sphalerite,
pyrite, pyrrhotite) partly surrounded by an envelope of disseminated sulphidea
(chalcopyrite, pyrite, pyrrhotite). Tt forms a tabular maas lying more or leas
vertical, and reking eastward at from 20° to 30° (Figure 1}, In cross-section,
the orebody has the shape of an onion, with the bulbous bottom portions con-
forming to the curvature of the dragfold.

The grade of the ore averageg better than 2 per cent copper, 4 per
cent zinc and 2 oz /ton silver. There is a rough zoning of the ore at right
anglea to the line of the rake, with copper concentrated at the deeper horizons
and zinc at the shallower. Where the widths are large (up to 200 ft in places),
blast hole mining is used, but where the ore narrows to 25 ft or less it is nec-
e8gary to change to a cut-and—fill method, The differences in the grades of
the ore heing mined are averaged out by random distribution of the crushed ore
as it 18 fed into the four 2,000 ton bins in the concentrator.

As previcuely mentioned the host rock for the ore 18 a quartz musco-
vite schist - a metamorphosed quartzite. As8 a result of the regional folding,
this schist hag a pronounced foliation in an eaat-weet direction, Narrow quartz
diorite dykes have been intruded into the schist at a small angle to the plane of
the schistosity.

Coarse and fine grained pegmatite dykes, siriking generally north-east,
south-west and dipping west, have algo intruded the mschiat. Later faulting
along the axial planse of the dragfcld has offset these pegmatitesn. The Introduc-
tion of the sulphides forming the oresbody, filled this fault zone, and althcugh
fragmenta of pegmatite are found within the massive sulphide core, the pegma-
tite dykee cennot be traced across the massive sulphides.

Late diabase dykes fill north~south fractures with thebroader dykes
croseing the orebody, while some of the narrow ones (lesg than 12 in.) pinch out
within the ore zone. The diabageis itself extensively jointed, and hence is a
atructurally weak rock, Post-intrusion faulting has caused crushing aleng some
dyke contacts with the development of gouge.
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Multiple folding in the ore bearing schiat, transverse to the main drag
folding, eggravates the ground wealmesses induced by faulting and fracturing,
and in some places increases the tendency to slough,

As a rule, the pegmatite dykes are not mineralized, except where in
contact with the massive sulphide core. They are, therefora, rarely included
in a stope, but may form e stope wall, Since the large dykes (over 3 ft) are ex-
tensively fractured, they tend to slab and break off when exposed over a wide
surface. By contrest, the massive sulphide core of the orebody is relatively
free from joints and fractures and haa been obgerved standing solidly over hori-
zontal lengtha of T0 ft and vertical haighta of over 300 ft. Thus the structural
weaknesses of the ore bearing formatlon consiat of:

() Foliation and some faulting in an east-west direction.

{(b) Jointing and minor faulting in & north-south direction.

{¢) Weak contects nlong digbase dykes and mlong quartiz diorite/quartz
muscovite achist contacts.

(d) Regional, drag and cross folding,

(e) Irregular fractures and joints in broad pegmatites.

Stoping Practices

The orebody is divided into blocks for convenience of identification
{(Figure 2),

YA" block extends 1, 000 ft eastward from the point where the bottom
of the orebody reaches the surface to the Fox Creek fault. The presence of a
100~ft-wide north-south diabase dyke 150 ft west of the fault made it necessary
to restrict the mining to the portion of the orebody lying to the west of thisdyke,

"B" block extends from the Fox Creek fault about 750 ft eastward to
another transverse diabase dyke, the so-called Shaft Diabase (since it crossen
the orebody close to No, 1 shaft).

"G block includes the next 950 ft east from the shaft diabase,

"D, "E", and "F' blocks are arranged In order to the east and each
has a horizontal (gtrike) length of 1,000 ft. To date, mining has been carried
out in "A", "B", “C", "D and "E" blocka. The firat production came from
"A" block. Except for a 50-ft-long, 45-ft-high unmined portion, purposely left
against the west side of Fox Creek dianbase to prevent sloughing of the diabapa
and also possible flooding from Fox Creek, and the 150-ft portion between the
Fox Creek diabase and the Fox Creek fault, all the ore has been extranted from
"A'" block,
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Mining of A" Block

Mining of "A" block was aocomplished by mlternate stopes and pillars
laid out gcrosa the orebody. Most of the stopes (and pillars) were 50 ft in strike
length, about 300 ft high and an average width of shout 65 ft. The stopes were
blasted through to surface and pulled empty, then the Intervening pillars were
blaated into these holes, All the blasting was accomplished In 36 months and no
pillar was left standing exposed for more than seven months, As was expected,
gome sloughing of the stope walls occurred, and a surface pillar above the east~
erly stopes collapsed., From a pogition on the west end of this open pit, the
gradusl disintegration of this pillar was ohserved., As & successlon of chunks
{(not over 4 cu f{ in slze approximately) fell from the originally flat stope back,

u well defined arch was formed. Presumably the nearly vertical inclinaton of
the formations prevented the "key stones' of this arch from resisting the vert-
cal forces on them, and 80 the pillar collapeed. Since the gresater part.of this
sloughed material was of ore grade, it did not seriously dilute the previously
blusted ore on which it fell,

Mining of *'B"" Block

Influenced by the successful mining in "A" block, and also by the con-
figuration of the orebody, the first stopes to be miped In "B" block were in-
creased in length to TQ ft (for optimum economy of atope preparation advances),
and in vertical height to 500 ft,

Six stopes with Intervening pillars were lald out. In four of these
gtopes, numbers 10-19,5, 10~21, 10-22 and 10-23.5, the slot was cut out for
the full height of the stope. This glot blasting started in January 1960 and waa
completed in all the stopea by the following October (Figure 3).

In that month, a small amount of sloughing occurred on the north side
of 10-21 stope. This was followed in November by extensive cracking in 10-21.5
and 10-23 pillars (between 10-21 and 10-22 stope, and 10-22 and 10-23. 5 stope
respectvely). The walle of the 21,5 pillar croas—cut on the B50 leval, about
the centre of the stoping block, required extensive scaling followed by timbering
to prevent additional loose from falling. Subsequent to the blasting of a ring of
holes north of the slot in the 10-21 stope, the lower parts of two rings fell from
the north wall of 10-22 gtope. Then in December, the 10-21.5 pillar failed from
the TA to the 5A sublevels (the upper half of the pillar) and the 10-23 pillar was
reduced In gize by sloughing at the 650 level.

By the next month, sloughing had produced n hole completely through
this pillar. It must be emphagized here that the rock which sloughed in thege
stopes was mineralized schist of ore grade (Figures 3, 3A, 3B, 3C).

Corrective action was started immediately. A fill raise was driven to
gurface from above 10-22 ptope, and ecoess headings were driven, on all the
pffected levels, around to the south of the stopes. New slots were cut in the un-—
hlasted portion of the stopes to create volds into which the remaining stopes and
pillars could be blasted.



Additional blast hole drilling waa also necessary to ensure good frag-
mentation when thig ore in place would be blaated.,

By March 1961, the 10-22 stope had caved to the elevation of the 450
level, mainly as a result of the drop raise which had been drilled from the bottom
of the new fill raise to surface, but the waste rock fill, quarried on surface and
dumped down the new fill raise, helped to prevent further sloughing in 10-22
stope (Figures 4, 4A, 4B),

Blasting of the ore in the south helf of the stopes, into the new glots and
against the broken ore and waste of the north half took place in August 1961
(Figure 5). Fragmentation was excellent. In September, sloughing on the west
aide of 10-20,5 pillar (facing 10-19,5 stope) had created a breakthrough to the
pillar cross—cut on the 65¢ level but there was very little additional sloughing
here for the next seven monthe. Ore was withdrawn from the 10-21, 10-22, and
10-23.5 stopes during this period. Simultaneous dumping of waste rock kept
the stope excavations almost completely full of material which gave support to
the walls and prevented more sloughing.

Caving of the unsupported portions of the baock continued however, and
in April 1862, the sloughing took out part of the 450 level orose~cut over 10-20
stope and part of the 4-22 scram drift, 30 ft above the level.

Within the next two monthe, al] the hroken ore had been removed, and
olassified tailings were being poured in to eandpack the coaree rock fill, Al-
though a reasonably eteady flow of tailinge was maintained, the wmsupported
back on the north side continued to slough until, in Ootober 1963, it had reached
to 250 level and cut out a seotion of the 250 cross~cut down the centre of the
stoping block (Figure 6)., Tailings were immediately diverted to this level and
by March 1964, the hole was fuil and the track in the 250 cross-cut was relaid
over the backfill, This ore recovery and back filling operation has been most
succesaful,

So tightly hes the tallinge sand packed around the coarge rock fi1] that
it has been possible to mine up againgt it., A cut—and-fill stope at the east end
of the excavation has exposed stepe backfill which stoed unsupported over a
vertical height of over 10 it (Figure 9).

Mining of “'C'" Block

"B" block mining experience suggesated that & stope height of 500 £t was
too high and that simultaneous mining of four adjacent stopes was unwige, In
"C'" block, therefore, the first part to be mined, the so~called 30.5 stoping
blook was 230 ft long (strike length) from 40 ft wide at the top, to 200 ft wide at
the bottom and extended from &0 ft below the 850 level to 40 ft above the 1250
leval, a vertical distance of 300 ft.
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The 230t length was divided into two 60-ft-long stopes, separated by
a 110-ft pillar. The two stopes were mined out by the blagt hole method and
pulled empty. Then the central pillar was blasted into the two voide. Waste
rock, quarried on surface, was delivered to the top of the 30,5 stope by mesns
of fill raise and dumped on top of the broken ore. Careful contirol of the rate
and sequence of extraction of the broken ore ensured that the hroken waste -
broken ore interface descended horizontally and that piping above any one box
hole wag prevented.

The rate of extraction was co-ordinated with the rate of waste filling,
so that the stope excavation was kept as full of muck as possible all the time,
In this way the walle of the stope were supported and sloughing prevented or
retarded.

Some waste 18 unavoidably pulled along with the ore, but by careful
study of the draw zone for each draw-point, the emount of ore to be obtained
can be estimated. In this way, the total number of tons to maintain the ore-
waste interface horizontal is estimated. A dally schedule ie drawn up and the
scram operators required to adhers to 1t. Regular grab sempling of the ore in
the draw-points determines when the grade has dropped below the economic
cut—off.

While the broken ore in the upper section of this panel was being with-
drawn, two stopes were being mined out of the middle section of the panel (40
ft above the 1650 level to 60 It below the 1250 level). These stopes had been
mined and pulled empty by the time all the broken ore had been removed from
the upper section. Blasting of the vertical pillar separating these two stopes,
plus the horizcntal pillar encloging the 1250 level filled the excavations with bro-
ken rock, Dumping of wagte was resumed and ore removal on the 1650 level
commenced.

The lower and flnal section of this etoping panel was developed and
blasted in the manner described above after all possible broken ore had been
withdrawn on the 1650 level. Withdrawal of this final portion of broken ore is
nearly finished. About two million tons of ore bave been pulled from the 30.5
ptoping panel, When the extraction of the ore is completed, cemented tailinga
fill is introduced tc sandpack the coarse rock fill. On consolidation, this fill is
expected to provide sufficient support for blasthole mining operations which will
be carried cut on the adjacent panels (Figure 7).

Ground Movement in the 30.5 Stope Area

In February 1963, when the central pillar in the part of 30.5 stope be-
tween the 1250 and 850 levels was blasted, east-west cracks developed parallel
to the foliation in 10-]. east drift end 10-30.5 cross-cut. The former heading
lies 100 ft north of the stope, while the latter leads south from 10-1 east drift,
down the centre of the piller (Figure 10),
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The plan of filling the void above the broken ore in the stope before pul-
ling any of the broken ore, had to be set aside for production reasons, and ore
removal began at once. The back of the stope was about 100 ft above the muck
at this time and this distance had increased to about 125 ft hefore backfilling
commenced. During this period, the cracking, which had been cbserved before
the pillar blast, Increased as the north wall of the stope moved southward into
the stope. Also at this time, a slowly descending slab from the north wall of
the stope blocked off the 30.5 pillar cross—-cut, Once the level of the muck in
the stope had been raised to within 20 ft of the back, movement on these cracks
was Teduced to measurable but insignificant amounts, By November 1963, all
the ore had heen withdrawn and the stope was filled to refusal with quarried
waste rock. During this last quarter of the year, sloughing of the stope back
continued at a slow rate, In a pillar raise from the 850 level down to the back
of the stope, there was evidence of stress, walls slabbing and diagonally oppo~
site corners cracking.

While the broken ore was being removed in the 1250 level scrams, a
gecond pair of stopes extending from 40 ft above the 1650 level to 60 ft below
the 1250 level were developed, mined and pulled empty on either end of the 110-
ft pillar. Thig stoping increased the stresses on the back of the stoping block
immediately below the 850 level. Prior to blasting, this rib pillar and the 1250
gill pillar (including the 1250 scrams), the ground ahove the back of the stope
was reinforced with additionel teneloned cable bolta, which were Inetalled at
10-ft intervals in the sill pillar over top of the stope for the full length. Some
cable bolts were also installed In holea drilled from the scram above the 850
level over the 30,5 stope back, Also a 4-ft-thick pad of concrete, reinforced
with siressed cable bolts was poured in the 8-2 east drift north of the stope
over a length of 60 ft from the fill raise westward, that is opposite the west
balf of 30.5 stope (Figure 8).

It was feared that to blast the 110-ft-long 16-30,5 rib pillar and the
230-ft-long 1250 eill pillar in one millisecond delay blast, might cause severe
sloughing at the back of the stope. To minimize the shock, the west half of the
rib pillar was blasted first into the void of the weat stope, filling it to about 80
per cent capacity. Then the east half of the rib pillar and the 1250 sill pillar
sbove it were blasted together, The muck dropped sbout 60 ft after this blast,
but was restored to normal level by dumping waste rock before any ore was
removed,

The stope back was comparatively stable during the withdrawal of the
ore at the 1650 level scrams. Minor sloughing from the back persisted bow-
ever, adjacent to the fill ralse and the pillar raise at the south wall, Because
of this, more standard Tock-bolis were placed in the back of the stope during
the 1ull in ore withdrawal, which occurred when all the ore in the stope above
the 1650 level had been pulled, and before the bottom portion of the stope, the
18-30.56 rib pillar and the 1650 gill pillar, had been blasted. These two pillars
were left, of course, when two stopes between the 1850 and 1650 levels were
mined out and pulled empty on either end of the stoping panel.
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Subsequent to the final blasting of the 18-30.5 rib pillar and the 1650
811l pillar, the caving around the fiIl ralse was accelerated. It broke through
the §-32 seram drift and contlnued to at least 50 ft above the 850 level. The
conerete bulkheads in the sill and the scram of the 8-28 stope (west of the 30.5
stope) were exposed., Some tensicned cable belta in the vicinity of the fill raise
were pulled out and others had their anchorage cut, Some became ineffective
when the surrounding rock shattered and fell away from the bolt, Beyond the
immediate area of the fill raise, that is, beyond a distance of 50 ft eaet and
west of the raise, the streas bolts held the back and prevented the sloughing
from spreading.

Mining in ‘D" and “‘E'* Blocks

Most of the gurrent mining in these two blocks ig of the cut~and—fill
type because the ore is narrow and has irregular outlines but is of sufficient
grade to offset the higher mining cost,

The present practioe in developing a cut-and-fill stope is to eross-cut
from the service drift to the orebody, then drive a raise up to 30 ft alongside
the ore, From the top of thig reige, a gubdrift is driven along the ore for the
full length of the stope. A small scraper is used to slugh the broken ore back
to the raise, A mucking machine is used on the level to load this ore into cars
for tramming to the ore pass, Where neceassary, the walls of the subdrift are
glashed to the ore limit., Knowing the details of the configuration of the ore, it
18 now possible to drive a straight tramming drift and then put up manwey and
millhole ralges to the sublevel as required. Under-cutting, arc-gate, air-
operated chutes are installed at the bottom of the millholes.

Continuous laminated stringers (10 in, x 12 In, in cross section) are
laid on the floor of the subdrift where It is intended that another cut-and-fill
stope will be mined direetly below. Round lagging is set on the stringers from
wall to wall of the stope, and about 4 ft of cemented tallings poured on top of
the lagging and stringers,

The first two lifta in the stope are removed by horizontal breasting and
the void filled to within 10 ft of the baok with classified mill tailngs. Towarda
the end of each pour, a smail amount of cement 15 added to provide a firm floor
for geraping the ore from the next lift. The succeeding lifts are drilled off with
automatic~feed, Lyner machines dual-mounted on a rubber-tired base. After
blasting, the back is scaled and then reinforced with standard rock-bolts set on
a 4-ft pattern, Where necessary, the stope walls also are rock-bolted, In this
way, most of the sloughing and slebbing is arreated.

Methods of Back ond Wall Support

Rockbolting

Conventional, expansion shell, rock-bolts are used extensively through
the mine to strangthen the backs and walls of development headings and cut-and-
fill stopes. Experience has taught that s 4~ft-long, 5/8—In. diam, high strength,
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steel bolt, installed on a 4-ft x 4-ft pattexn gives the best results both in devel-
opment headings and stopes. Occaslonally, where it 18 impracticable {o scale
the back to solid ground, 6-ft bolts are used, and some of these may be holding
looge ground in place. The bolts are tightened with & stoper to 125 to 160 ft/Ib
torque. If more positive tension is required, an hydraulic ram is used and a
tension of about 5 tons is applied,

Tensioned Cable Bolts

Considerable sucoeas in preventing or delaying sloughing hag been
achieved by the use of tensioned cable bolta. Initlally, extension steel bolts
were instalied in the manner described by Marehall (5). The present practice
i8 to usge lengths of discarded locked-coil, hoisting cable in place of the much
more expensive high test, steel rock-bolts. The 1-1/4-In,~diam cable has pro-
ven to be Just as effective as the steel bolts. Tensaloned cable bolts are used to
control the back and, to some extent, the walla of open blast hole stopea, This
is done by installing them from drifts, raises or the back of stopes, In blast
hole stopes, which have been developed by a cross—cut from the main service
drive, followed by fringe drifts along the north end south boundaries of the ore,
tensioned cable bolta are Installed to strengthen the north and gouth walla of the
stope. Since mogat of the service headings are driven south of and parallel to
the orebody, it is possible to collar & hole for a tensioned cable bolt in the main
service drift and drill it through to the aouth fringe drift. Thesge 2-1/8-in, to
2~in, -diam holes are drilled with a long-hole, percussion drill and spaced at
ahout 10-ft intervals, Bolt holes to reinforce the north wall are drilled north
from the north fringe drift, at the same spacing, The ourrent practice for re-
inforcing the back of a stope is to glash it out to the ore limits at the top, then
drill cable holes in both walls and alsc up into the back. The depth of hole
varies sccording fo the expected ground conditions, but would average sbout 30
ft. The used hoisting cable is cut into specified lengthe in the machine shop,
and one end fitted with an anchor in the form of & 6-in. length of 3-in, —diam
pipe attached to the cable by pouring molten zinc rround the expanded strands
(Figure 11). The other end 18 whipped with wire to hold the strands together
while the cable i8 being Installed, Punch-lock bands are placed at intervals
along the length of the cable to prevent the strands from opening up or "bird-
caging'" - a tendency which used locked—coil, holsting rope displays when being
handled. Where the cable bolt 18 to pasa from one heading to a parallel one,
the collar of the hole at the anohor end is reamed to 4-in, size for a depth of
12 in,, to provide a sheltered anchorage. Where the bolt 18 to be anchored in
solid rock, it is necessary to ream the hole to a 3-in,~diam for its full length.

The steel, wedge plate and anchor plate at the collar of the hole are of
the same dimensions and design as described by Marshall (5), i.e., the anchor
plate 18 12 in, x 12 in. x 1 in, steel and the wedge plate 18 approximately 6 in,
x 61in. x 1-1/2 in, steel. Through the centre of the wedge plate, there is a
2-1/8 in. hole tapered to receive s cone shaped wedge. The 1-5/8~in, -diam
hole in the centre of the anchor plate is not tapered. The procedure for instal-
ling a cable bolt in a ~5° hole 18 as follows: The cable bolt ig pushed to the bot-
tom of the hole and a oement grout is poured in sufficient to cover to anchor
plus 10 ft of the cable bolt, This is allowed to harden.
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Next the smchor plate and wedge plate are threaded over the protruding
end of the cable bolt, and pushed up against the collar of the hole. A 12-in,
length of 1/2-in, -diam copper tubing, end a slightly longer length of 1/4~in, -
diam plestic tubing are lashed together and bent so that one end will fit in the
hole and the other end pass out beyond the side of the anchor plate. The conical
wedge, broken into three segments, and held together around the cable by means
of an elastic band is pushed into the tapered hole in the wedge plate. The ancher
plate is now concreted to the rock wall in a plane at right angles to the centre
line of the cable bolt (Figure 12). When this concrete has hardened, two hydrau-
lic jacks are passed onte the cable, One Jack faces the wedge plate and exerta
preasure {between 15 and 20 tons) on the conical wedge. The other faces away
from the wedge (and the hole} and exerts tension an the cable to a limit of 40
tons. Thepe prossures ave carefully applied at a slow, uniform rate (Figure
13). Now the cement grout is pumped into the hole via the copper tubing, while
the displaced air escapes from the plastic tube. The emergence of grout from
the plastic tubing indicates that the hole has been completely filled,

For up holes the procedure is slightly different. Before pushing the
cable bolt up in the hele, a plastic tube, as long as the cable bolt, ia taped to
the cable holt close to the anchor. Then, except for the 4 ft from the anchor,
the cable is given a coating of greasge, as it is pushed up the hole. This 18 to
permit free movement of the cable bolt as it is tenasioned. At the collar of the
hole a wooden plug and a 12-in. length of copper tubing are inserted alongside
the cable, and all packed tightly with oakum. A small amocunt of grout is now
pumped into the hole and allowed to set agrinst the wooden plug. This will en-
sure that the plug stays in place when the rest of the hole ig filled with grout
(Figure 14}, Once the hole has been filled with grout (and a thicker mixture is
used for the up holes than for the down holes), and the grout has set, then the
ceble bolt can be tensioned to 30 to 40 tons as before,

In those places, sueh as stope walle, where blasting might damage
the bearing piate and 8o reduce or destroy the effectiveness of the cable holt,
the collar of the hole has been countersunk to protect this anchorage arrange~
ment,

Tengioned cahle bolts have proven to be effective in preventing or re-
tarding wall sloughing. Where installed in -5¢ or more steeply inclined hcles,
In which the cable is not greased, the cement creates a bond between the cable
and the walls of the hole. If sloughing should expose the cable bolt anchor,
this bonding prevents the complete loss of tension in the unexposed remainder
of the ¢able holt and so part of the bolt's usefulneas persists. Unfortunately,
thig i8 not the case with up holes where the cable must be greased,

Complete cost figures are not available, but the installation of ten-
sioned cable bolte is known to be less expenslve than that of high strength,
extension steel rock-bolis, The cable bolts are of equal or greater effective-
nesd,
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Dbservation of Cracking and Sfoughing

Regular inspection of the workings adjacent to the blast hole stopes ex-
cavations is carried out by members of the Geology Department and has been
conducted Bince October 1960 when the sloughing in the "B" block stopes attract-
ed attention. Equipped with prints of the geological plans of the headings ac-
cessible to the stopes and the surrounding areas, the geologists examine the
walls and the backa of the headings and the walls of the open gtopes, looking for
signs of ground movement. New cracks, or new movement on old cracks, loose
in the back ox walis of the drifts, or apprecisble increase {or decrease} in the
flow of water from oracka, are all reccgnized as evidence of ground movement,
Regular meagurement, with feeler gaugea, of the width of selected prominent
cracks i8 also done to obtain some indication of the rate of movement, The re-
sulta of these ingpectiona are passed to the Mine Superintendent for necessary
action, such as additional rock-holting or Himbering. The crack measurements
have shown that some cracks expand for a period then contract, The greatest
movement has heen in east-west cracks parallel and close to the sides of the
gtope excavationa (Figure 15).

Measurement of Movement of Drift Wolls

A turnbuckle micrometer gauge modified from the one designed by
Professor E, L, J, Potte of Durham University, England, and illustrated in
"Rock Pressures in Mines" by E. de 5t.Q. Isaaceon is used to measure the
movement of drift walls in mining areas. Stalnless ateel, survey spads,
welded to 3-ft lengths of 1/4-in, —dlam steel reinforcing rods, serve as
measuring points, The rods are cemented to the hottom of holes drilled in op-
posite aides of the drift, with the survey spad set flush with the collar of the
hole. These measuring atations are set at 50—t spacings to coincide with the
mine sections and facilitate plotting of the reeults. Specially prepared wires
of known length are hooked on the spade in each wall and then to oppesite ends
of the gauge. Conatant tension of the spring in the gauge is obtained by turning
the micrometer screw untll the centring mark on one end of the gauge is
centred, The difference between successive readings is a measure of the wall
movement (Figure 16).

Readings have been taken with this instrument with sem{-regularity
for a period of 2-1/2 years. Sharp changes up to 0. 30 in, have been recorded,
particuiarly in headings close to stopes in which large size biasts have been
detonated. Moxe gradual changes have been noted in thoge measuring statlons
opposite partially filled stope excavationas,

A study of resuits shows that the greatest amount of movement has oc-
curred in those headings closest to the stope excavations, which was to be ex-
pected. However, a further observation showa that the most prominent cracks
and the stations showing greateat movement lie on an elliptical path surround-
ing the stope excavatlons, The stations of least movement and the areas of
wegker cracking lie cutside this elliptical path.
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While most of the measured wall movements have been expansiona, a
few of the stations, particularly those in pillars between stopes, have registered
contraction, The expansion suggests a movement of the drift wall towards the
atope excavation, The contraction may be because of the squeezing of the walla
a8 a result of a buttreas action on the pillar.

Criticism of Results

Since the measuring stations are anchored a scant 3 ft in the drift wall,
any cracking of the walls at a greater depth would not be detected. Nor is it
possible to be sure which wall is moving inwards or outwards, Deapite these
shertcomings, this type of measuring will give forewarning of posasible danger
and ia being continued with the expectation of proving more valuable as the
mining proceede and the goal of total extraction is approached, Such fore-
warning will be extremely useful io indicating the need for additional reinfore-
ing in certain headings, or the need for alternative headings to give access to
other stoping areas.

Rock-bolt Extensometers

Acting on the advice of D, ¥, Ccates, Head of the Miring Research
Laberatories, Department of Energy, Mines and Resources, a set of twelve
rock-bolt type extensometers were installed to monitor the ground movement
in the vicinity of the 12-30,5 stope, the uppermost portion of the 30,5 stoping
block. 8ix pairs of extensometers were get in holes in the walls of headings
paralleling the long axis of the stope.

North of the atope, two pairs of holesa were drilled in the south wall
of 10-1 east drift, a heading which lies 40 it from the stope. The holes, 10 ft
and 20 ft deep, and about 2 in. diam in every case, were drilled on section
28+55 east (on the centre line of the 120-ft-long pillar lying west of the stope),
and on section 23+20 east (opporite the west end of 30,5 stope). The third pair
of holes were drilled east of the stope along the centre line. The fourth, {ifth,
and sixth paire of holes were drilled in the north wall of a by-pass drift which
parallels 30,5 stope about 175 ft south of it (Figure 1).

Description of Extensometers

The working drawings for these extensometers were provided by the
Mining Research Laboratoried, They are of & standard design, each instru-
ment congisting of a series of 3/4-in, -diam steel rods connected by couplings
and anchored to the bottom of a hole by an expansion shell cemented In place.
Short discs of rubber, set at intervals slong the rods, prevent the rods from
touching the sides of the hole, vet allow fres movement, Except for the mov-
able megpsuring bar which is attached to the protruding end of the rod, and the
stationary, wall plug, measuring point, all parts of these instruments were
made in the mine machine shop. Measurements of ground movement are read
on this type of inatrument by means of an inside micrometer gauge (Figure 17).
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Results Qbtained

The first set of readings was taken in November 1963, Late in the fol-
lowing month the 16-30.5 central pillar and the 12-30,5 sill (horizontal) pillar
were blasted - a total of 164,400 tons. As expected, the No. 2 atation extenso-
meters were affected the most, both bolts moving 0,011 in. towarda the stope.
The changes on the other ten instruments were negligible (less than 0. 005 In.},
Since Jsnuary 1964, the No. 2 extensometers have continued to show the great-
est movement - almost always towards the 30.5 stope, Blasting in other stopea
above and to the west of the Nos. 1 and 2 extensometers stations haa affected
thege extensometers about equally until April 1966 when the combined effect of
final blasting in the 30,5 atope hlock and in a2 1450 level to 1250 level stope 250
ft to the west, Increased the movement of the No, 2 station from -0, 002 in, to
a maximum of -0, 026 in.

Discussion of Results

The anchor end of the 20-ft extensometer bolt in the No, 2 stations is
only 50 ft from the north wall of the 30.5 stope, while the ends of the corre-
sponding bolte at stations Nog. 4 and 5 are 140 ft awey from the south wall of
the stope. This doubtlessly accounts for the marked difference in the readings,

A continuous decrease in the No. 2 station readings suggests that the
ground on the noxth side of the 30,5 stope 18 moving southward towards the ex-
oavation. The protruding ends of the No, 3 statlon extensometers were unfor-
tunately struck by a loaded ore car eight months after their installation, so a
measure of the movement of the rock off the end of the stope excavation was
not obtained, During the time when both bolts were usable, they showed no
gignificant movement,

Dther Rock-bolt Exfensometer Instaflations

Movement of ground around other stope excavations is being tested by
rock-bolt type extensometeras, installed in specially drilled, EX size, diamond
drill holes collared on the 650 and 1250 levels. The design of these extenso-
meters, also provided by the Mining Research Laboratories, was changed from
that used on the 1050 level to facilitate reading the measurement. Theportion
of the rock-bolt protruding from the hole wae passed through an aluminum plug
at the collar of the hole, The hollow plug was cemented in place, but the rod
moved freely through it., A brass gauge seat bracket wae fnstened to the plug
by one end. A gap meansuring plate was attached to the rock-bolt and positioned
by means of et acrewa, A dial gauge micrometer, ineerted through a hole in
the gap plate to touch the gauge seat bracket, was used to measure the distance
hetween the two (Figure 18).
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L ocaotion of Rock-bolt Extensometers on the 850 Level

Extensometers were installed in 1966 on the 650 level aa follows;

SBection Length of hole Dip Direction Location of eollar
25+00 E 78 It -5° South 6~1 South X-C
23+50 E 8 ft +0° North 6-1 East Dr.
23+50 E 29 ft +0° South 6-1 East Dr.
27+30 E 85 ft —2Q° South 6-1 East Dr.
28+65 E 8 ft +0° South 6-28.5 X-C.

The extensometerg on sections 23+00 E and 23+50 east are opposite
the ""B" block stope excavation described earlier, The bottom of the 23+00
east hole 18 100 ft (approximately) from the north wall of the stope excavation,
while the bottom of the 23+50 east (south) hole is approxdmately 50 ft away.

The cumulative difference in the readings after ten months of regular
reading on the 23+00 east extensometer atation {5 -0.007 in., and on the 23+50
east station it ig —0.005 in. This would seem to indicate that the walla of the
stope are not moving.

The 27+30 east extenaometer is located in the 40-ft-wide pillar be-
tween two mined out stopes, Nos, 8-27 and 8-28, The 8-27 stope was mined
by the blast hole, open stope method from 20 ft above the 850 to the 450 level,
a vertical height of 380 ft, then filled with classified tailings,

The 8-28 stope was also mined by the blast hole, open stope method,
through a similar vertical extent, It has heen filled with classified tailings to
the 650 level, The observed differences in periodic readings for the first ten
months were only a few thousandths of an inch, but for the most part positive,
go that the cumulative difference ig +.01 in.

The fifth extensometer on the 650 level is located in the face of ghort
cross—cut driven south from 6-1 east drift on section 28+60 east. The botton
of this extensometer is approximately 40 ft from the north wall of §8-28 stope,
which, as noted above, is amined out but partially filled stope. The monthly
differences measured have been positive for the most part, and the ten~month
cumulative total is +0.007 in, This suggests a very glight movement of the
ground gouthward towards the stope excavation,

Location of Rock-balt Extensometers on the 1250 Level

Ground movement above a cut-and-fill stope is being measured by five
rock-bolt extensomneters installed in 1-1/2-in, ~diam holes drilled with a dia—
mond drill from 12-1 east drift. This heading liea about 60 fi south of the south
wall of the stope. The stope extends from section 36+50 eaat to seetion 41+50
east, a horizontal distance of 500 ft, and the stope back at the end of 1966 was
100 ft below the 1250 level.
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Rock-~bolt extensometers were installed as follows:

Section Length of hole Dip Horizornital distance from extensometer
anchor to expected stope wall

37+00 B 43 it -35°N 15 ft
38+00 E 43 ft ~35°N 15 ft
35+00 E 43 ft -35°N 20 ft
40+00 E 64 ft -35°N 20 it
41+00 E 71 ft ~35°N 15 ft

Results Obtainad

After ten months of cbgervation, the cumulative differences vary from
-0, 005 to +0, 010 In, - very alight differences in themselves and showing no
definite trend in their disiribution. As mining continues and the stope back
comes closer to the extensometer, the information provided by these instru-
ments will become more significant,

Conclusions

1. It has been observed that the wall in stopes remote from the bottom of
the ocrebody are more stable than those near the bottom. This is partly because
the ore limita, and hence the stope walle, tend to be more nearly vertical and
of uniform strike high up in the orehody. Those atopes near the bottom of the
orebody have flatter dipping walis apd less regular ore outlines, a reflection of
the dreg folding and sirike faulting which has localized the ore. In additiom to
thesge reasons, it may be that the folding of the rocks in the formation of the
drag fold has reduced their cohealon In some way so that they tend to slough
more easlly. This same reascning may be applied to the other places higher
up in the orebody where cross folding occurs, Further study is required here.

2. The blast hole mining method which has been evolved at Geco, where-
by the stope is kept full of broken rock, has been quite succesaful. The pro-
duction rate has been maintained at a high Ievel and sloughing has been greetly
reduced. The fact that & cut-and-fill stope was suocoessfully mined against the
sand packed, coarae rock fill of the '"B" block stopes indicated that this ma-
terial gives adequate support. The addition of cement to the tailinga in future
filling operations 18 expected to give conaiderably greater support.

3. The use of rock-bolts and tensioned cable bolts has prevented sloughing
in some places and delayed it in others, In the 30,5 block, there was a great
desal of evidence that the ground at the 850 level, and at the top of the stope
some 55 It below the level, was under increasingly heavy streass; cracks were
widening and timbers in the pillar raise on the south side of the stope were
oracking. The back held, however, untll the 15-80. 5 stope undercut, near the
bottom of the stoping panel, was blasted. The rate of sloughing was acceler-
ated and when the 18-30.5 rib pillar snd the 1650 sill pillar were blasted, the
back sloughed upward to about 50 fi above the 850 level. Only them didthe cable
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bolts break or lose their anchora. It i8 quite posaible that the ground between
the cable bolts became so fractured because of the incressed streeses that it fell
off in pieces around the cable bolt, rendering the bolt useless,

4, The true value of the wall cloeure measurements being taken with the
turnbuckle micrometsr gauge is hard to asgeas. However, there has been suf-
ficient reaction on those stations closest to the working (i.e., producing) stopes
to warrant continuing to collect these measurements. They may well give
warning of excessive cracking in, and hence the need for special attention to,
certain headings,

Perhaps the mogt useful information is that supplied by the rock-bolt
extensometers, particularly those installed close to operating stopes. Experi-
ments with multi-wire borehole extensometers just recently initisted here, may
give more reliable data on ground movement.,

With experience, all such data will be more confidently correlated
with the mining events and ground movemenis may be anticipated as mining pro-
ceeds. Preventive measure may then be teken well in sdvance of possible
danger.
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ROCK MECHANICS FIELD MEASUREMENTS
IN NORTH SWEDISH SULPHIDE MINES

H.K. Helfrich* and N. Kreuvland*

Abstract

The rock mechanica field-tests, which were under-
taken by the Boliden Company in the sulphide mines of North
Sweden, represent an endeavour to provide mining operators
with guidelines which can be used in judging the etability of
cavities and pillars, B8pecial account 15 hereby taken of their
function and lifespan,

The tests cover the following methode of Investigation:
geological atructure analysis, probing of boreholes, deform-
ation measurements, stress measurements, microseismic
measurements, visual Ingpection of the rock condition and
determination of pillar index numbers. Morsover, laboratory
teste were &lso undertaken, which are not further described
herein. The test results available to date indicate the feasi-
bility of supplying the operating engineer with data which pro-
vide an additional basis for judgment in mine planning. Their
economic value increases with the certainty with which the
rock properties can be predicted; this in turn can only be
achieved by the mogt appropriate combination of measuring
techniques under optimum economic conditions.,

Introduction and Definition of Problem

The rapld progress in depth of modern mining, the increasing rate of
mining as well as the Increasingly larger underground areas involved require a
more exact knowledge of rock properties and behaviour around the workings and

in pillars, not only qualitatively but also quantitatively.

*Mining Divisions, Boliden Aktiebolag, Boliden, Bweden.
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1n Sweden too, ore mining operations took due account of these require-
ments (19}, In the large mining companiee rock mechanics working groups were
formed which collaborate with the central research organizations of the Swedish
Mining Association, with the Engineering Academy and with the Mining Institute
at the Technical University in Stockholm.

This paper describes the methods of operation and measurements in the
rock mechanicg fleld, used in the Boliden Company, as regards their implement-
ation and purpose. In this respect reference is made to the fact that rock me~
chanice work has been sporadically undertaken already for a long time (8, 11).
Since the individual deposits of the company under reference have a different
character as regards dip, geology and structure, the following groups muet be

distinguished:

a. Horizontal - flat orebodies with rooms and pillars,
b. Sloplng orebodies with room and pillars.
c¢. Steeply dipplng orehodies, worked with or without backfill,

In line with this grouping the rock mechanics problems are also of var-
ious nature. However, the cbject ia the same in each case: optimalization of
rooms and pillara aa regards their function and llfespan.

The work described hereunder has not so far yielded any conclusive
reeults, Therefore only methods of work and part resulte can be reported.
S0 far our work is limited to measurements which indicate, directly or
indirectly, the rock behaviour; at a later date it is to be extended so that it will
be peesible to make a field analysis of the stress condition and of its variation
in time around excavations and in pillars, due to mining operation,

Survey of Methods of Investigation

1.0 Geological Structure Analysis

A knowledge of the geological rock structures according to their mate-
rial, stratification and general condition is a prerequisite for judging the sirength
of the rock mags in question (9§, 12 and others). The term rock maas does not
refer to large geographical or tectonic units, but to the rock formations within
the aren of mining and other engineering structures,

In order that the relationship of the geological field measurements to
the staebility problems of mining may be covered functionally, it muat be included
in a general concept which takes account of the relationship between rock proper-
tles and rock masg properties. Let us first sketch the outlines of this concept:

1.1 A survey of the field-geologic and mining-geologic work already com-
pleted.
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1.2 A description of the condition of the area surveyed (mine, surface
structures, etc.): photo-geology, morphology, geology, methods of
mining, stability conditions, water economy.

1.3 Petrography and texture analysis, rock sample, rock formation,

1.4 Tectonic analygis and synthesis, the extent of the homogeneity and
isotropy domain, characterization of the manner of deformation and
of the fabric types within the rock mass, an attempt at reconstructing
the functional fabric, the stress field and the force disiribution on hand
of the conditions after deformation.

1.5 Blasting - tectonics.

1.6 Hydrogeology

Within the framework of this paper only the working inethods of the
tectonic analysis will be detalled; mention will also he made of the grain texture
analysis which controls it, The former is of essential importance aa a direct
field measurement and the latter ag an indirect in situ measurement.

The planar and axdial structures are taken stock of as shown in Figure
1, which represents a modification of the form proposed by Miller (24). The
“textural data' are evaluated by Saunder's method (28) and the textural diagramas
are Incorporated in the mine plana (Figure 2).

In this way the rock mass 18 three—diinensionally defined within the
area of the deposit according to its degree of homogeneity and isotropy (20).
AB a result one obtains a division of the deposit-range into structurally equiva-
lent sub-ranges., The structural analysia is supplemented by & fissure count
(Figure 3) which in turn can be combined with a deseription of the rock condition
to form a classification scheme (Figure 4). This claggification is also taken
from Miiller (24), and modified for the special rock conditiona encountered in
our mines.

Since however these geological field measurements of the mega-fabric
can only be controlled by the petro-fabric which itself features as & factor
strength (6), it is necessary to refer to Sander's methods in this connection (28},
Both the mega—~ and micro-fabric are indicators of the geological deformation
field and can be considered ag signals of the possible presence of tectonic
stresses (latent or residuanl streases) (7, 13).

The example of a recording of the s-planes in the floor aof the Renstroem
mine clearly shows that both the frequency of the s-surfaces per unit area as
well as thelr orientation are subject to variation. The s-strike oacillates around
B sieep axis both in a vertical and horizontal direction (Figure 2), which would
not have shown up on a surface recording. The prerequisites are there for this
kind of tectonically prestressed rock mass to become destressed during shaft
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ainking and drifting operations. Thia destressing is assisted by the accumula-
tion of potential energy, which can lead to rock-bursts (12). In such cases the
glven tectonic structure serves as an additlonal energy factor. The like applies
algo to the analysia of the ac—fissures, which also exhibits a characteristic
anisotropy of direction and distribution., The fabric characterizes the structural
properties of the rock maas; it must therefore gerve as the basis for all rock
mechanics observations and investigations. Simultaneously cne obtains a meas-
ure of the degree of the loss of the overall strength of the rock mass. The re-
cording must be made immediately following a8 mining advance, since afterwards
the openings are digguised by injected concrete, The room-and-pillar structure
in the Laisvall mine serves na an example of a fissure survey (Figure 5), in
which the number of fissures per linear meter (Figure 3) are determined. These
numhbers provide a measure for comparison of the fissured character of the rock
mass. In the given case (Figure 3) one may first cbaerve a decrease of the {is-
sure intensity to the right. The f{issures mre grouped in bundles, which is ex-
pressed by a frequency maximum on a 3 to 6 cm interval., In most cases by far
of figsuring the fissure distance is 50 cm and more. In the second sub-section
there is a decrense in the fissure inteneity, with a corresponding increase in the
fisgure distance and a larger scatter in the fissure bundles, In the third section
it follows from the absolute fissure numbers and interval frequencies that one
again observes a concentration of fissure bundles with relatively large fissure
numbers. The distance between individual fiesure bundles has incrensed. These
fiasure data rate first, together with fissure orientation, as important factors
when evaluating and determining pillar orientation; they may necessitate 2 change
of the latter, even if such may not always be feasible due to technical operating
reasons. Particularly interesting in this connecticn are the fissure numbers and
fissure distances in the roof which, incorporated in a system, are fo serve as
the basis for the roof anchoring plang. A knowledge of the magnitude of the
homogeneity and of the isctropy domaina, to which specific streas and loading
conditions are often also to be assigned, is of great significance in judging the
gtability of a mine workings.

2.0 Visual Inspection of Rock Condition - Determination of Pillar Stability
Evaluating Points

in order to objectively judge the stability of pillars it is necessary to
observe and comprehend a series of factors which Influence it, Therefore,
from an early date an, such factors have been regularly obtained in our mines.
These so-called rock mass ineBpections are carried out accerding to principles
deascribed by Helfrich and Stephansson (15), They refer to a quantitative, re-
spectively semi-quantitative determination of dimension, form, position of con-
struction and cohesion, as well as of the fissure picture. The distinguishing
characteristics of these determining groups ave givenin Figure 6, Their eval-
uation is carried out on a point system. The classification ia presented in mine
plans (Figure 7). It enables the operating engineer to objectively follow the alter-
ation in the condition of the pillars and to correlate same with the current stabil-
ity situation. Furthermore the conclusion is drawn that this observation basis
can be considered as a quasi in situ measurement; it must be considered as a
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moat essentigl prerequisite In all typesa of rock mechanics meaeurements, even
though this method is subject to all the limitations of the classification gystems
{Trollope 31). Supplemented by, as an exsinple, a wave veloclly measurement
acrosg the pillar, as described by Bernabini, Esu, Martinettl and Ribacchi (2),
or possibly by in situ tests according to Salamon and Oravecz (27), the stability
or the degree of damage (31) should be predictable with a large degree of
cortainty,

3.0 Probing of Boreholes

Borehole investigations yield interesting quantitatve results; they are
either aimed at obtaining structural data for judging the strength of the rock
mass, or elge they permit a direct observation of the rock and simultaneously
a running control of it {(measurement of flssure movements),

3.1 Determination of Rock Strength by Means of a Core Factor

Hansagi (10) refers to relationehips between the strength of a rock sam-
ple and of a rock mags, which can be determined by simple means, Drill corea
of various length are obtained by means of dlamond drilling. These are grouped
in clpsees and the number of drill coree per meoter 18 referred to an idealized
body of rock entirely without jointlng, From these relationships a correction
factor C, is obtained, which is always less than 1. On comparing the number
of test samples of given length, which may be expected on the bagis of the core
lengths, with the number which could be expectad from the idealized rock mase,
a correction factor Cy is obtained which is also always less than 1.

On cutting out test pieces from the drill core with a eaw, the number of
test pleces actually obtained does not tally with the intended amount; hence the
correction factor Cg is obtained, which again is leas than 1. By meang of the
coefficient Cg one modifies Cy according to the expression,

CgxCy = C4

Now Hansagi determines a factor of structure Cg, which will be referred
to herein by the more appropriate term of core-factor, on taking the arithmetic

mean:

Cl+C4

Cpm —i ™ < 1
g 9

The strength values obtalned in the laboratory, F(lab), are multiplied
by the core-factor to obtain a reduced rock strength value F(geb)’

Figeby = Faap) * Cg
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Although this method includes certain socurces of error, it seems to be
a suitahble method for obtaining guasi in situ values of the rock mass strength
quickly and relatively cheaply. Several references have already been made in
the literature to the importance of rock mass strength, when solving stability
problems (3, 5, 22, 24).

The values obtained by the ahove described method are introduced as
strength data in calculating, for example, roof spans and pillar dimensions.

Simultanecusly, by means of a planned array of core drilling, one ob-
taing a detailed profile of the deposit, supplemented naturally on hand of the
underground workings. As an example, from the detail profile cbtained in the
Laigvall mine (Figure 8), one obtaina the following core-factors for the individ-
ual horizons:

Dla 0,28
D1~3 0.43
D4-8 0,34
D1-2 0.29
F 0.39

In the given case the experimental borings were driven at right angles
to the almost horizontal bedding. The respective corefactors clearly reflect
the lithologic and facial conditlona.

From the foregoing discussion it i obvious that this method representa
one approach which can provide a relatively simple relationship between the rock

and rock mags gtrengtha.

Perhaps Hangagi's method also coniributes to the solution of the problem
of functional rock classification (1).

3.2 Optical Borehole Probing

An optical horehole probe (30 mm diam) of the Hagconsult Company,
Stockholm (23), is being used for the optical investigation of the rock masa's
degree of fissuring. It consists of a Hengold telescope with a sharpness of focus
permitting observation up to 8 to 10 metres, a built-in mirror, a low voltage
bulb and a micrometer graduation. One metre long tubes are being used for
extension pieces, which carry a decimeter graduation (Figure 9). It i8 possible
to accurately examine the interior of pillars with these borehole probes. More~
over, for e continuousoperational control, the measurement of fisgure move-
menta can alao be undertaken,

In our mines the optical borehole probe is used to assist in determining
pillar stahility. Thereby it was, for example, possible to establish extensive
fissuring Inside pillar beams which seemed whole from the cutaide, On the other
hand rock mass parts, which figure as future pillars In plans, can be contin~
uously pre-examined. Thereby it is possible to make statements about the
structure of the rock mass already at an early stage,
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Furthermore, it 1a important to mention that every horehole, which is
to be used for any type of rock mechanics measurement, be exploited for exam-
ination of the rock structure with the probe. The geologic conditions within the
vicinity of the measuring instrument's position could be of great interest when
evaluating the resulting measurements.

Simple though the inetrument may be, it has proved 1tself in use and
shown that it is suitable for a number of possible applications, In this connection
it may he considered, whether it might not be advantageous to obtein a TV
equipped probe especially if apme is also to be used in other kinds of investiga-
tions as, for example, in geophysica, for the investigation of long boreholes.

4.0 Deformation Measurements

The deformation measurements are to serve the following purposes:

1. To determine the characteristics of the deformation properties of
pillaras.
2, To monitor the stability of pillars.

At Laisvall the measurements are concentrated on the following deform-
gtion processen:

1. Convergence, respectively lengthwige pillar extension,
2, Crossgwise pillar extension.
3. Roof sagging

8. locally: in the gill - between the pillars;
b. across the whole width of the mined area,

4. Exfoliation of beds,
5. Movement on fissure surfaces,
6. Subsidence at ground level.

When selecting the measuring equipment attention was primarily paid to
the large dimengions of the mine rooms and pillars, while the effect of blasting
{1,500 metric tons of ore per blast) could also not be overlooked.

Todey mining at the Laisvall mine proceeds in two sections of the ore-
body (Central and Kautsky ore). Presently the centre of mining activities is in
the Kautsky ore, because the Central ore i8 mostly mined out, However, meas-
urements are also undertaken in the Central ore, to monitor stability.

From among the two possible principles of measuring device selection -
namely either very accurate, but expensive Instruments or less accurate but
cheap ones - the latier principle was adopted at Laisvall, because this permits a
large number of measuring locations,
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Measuring Instruments and Meaguring Techniques
Presently the following four types of measuring devices are uged:

4.1 Measuring with Long Wires

Since a very long measuring base is required for measuring convergence
in rooms, roof exfoliatlon, as well as vertical and crosswise deformation of
pillars, long wires are being used for this purpose.

Figure 10 illustrates the scheinatic arrangement of the entire equip-
ment and the measuring principle.

The following comments apply to the construction:

1. The wire 18 to be of high—quality stainless steel.

2, The wire loading, achieved by means of the welght (respectively
spring), should be far below its yield point.

3. Only the bearing surfaces of the dial-gauge and the guide collar of
the wire mmust be accurately machined and need to be made of stain-
less ateel,

With this type of arrangement any number of measuring points can be
served with a single dial-gauge.

Measuring accuracy is + 0.01 mm. Naturally the length of the wire is
temperature dependent. Temperature correction is expensive, especially in
case of very high rooms; at Laisvall therefore temperature correction is omitted,
because the temperature induced error rectifies itself in time (the temperature
variations amount to 3 degrees at most).

The following deformation measurements are underiaken with devices
conatructed in accordance with the foregoing principles:

1. Convergence measurements inside rooms (see measuring set-up in

Figure 11).

2., Measurement of the vertical defermation in piliar beams (Figure
12).

3. Roof sagging and exfoliation (the same analogously for the floor)
{Figure 13).

4, Crosswige deformation of the pillars {Figure 14).

Table 1 lists the usual measuring distances over which the deformations
are measured at Lalevall.
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TABLE 1

Deformation Measurement Meapuring Distance
Convergence in ryooms up to 24.0 m
Vertical pillar deformation upto24.0m
Roof sagging and exfoliation up to 12,0 m
Crosgwisge pillar extension up to 15.0 m

Thesge simple devices too have their weak points such as, for example,
that they cannot be used close to blasting operations; nonetheless these devices
have proved to be suitable for our purposes, namely as regards thelr function
and also the copgt of inptalling and operating the measuring stations.

A number of convergence points were laid out in a profile transversely
across the width of the mined area, The measuring instruments were installed
at a time when the mined area had already reached its full width, Nonetheless
the following results were obtained on evaluating the convergence velocities,
measured during a period of six to nine months:

1, The average convergence velocity amounted to 0,003 to 0,025 mim
per day.

2. The convergence velocity attalned ita maxdmum value at approx -
mately the centre of the mined area and decreased towards the
periphery.

8. The strength of the roof underpinning by means of pillars could also
be clearly discerned: in the neighbourhood of pillar beams the
convergence velocity reached lower values, and in the vicinity of
pillars with reduced caerrying capacity it reached higher values.

4.2 Measuring Rods

in the immediate vicinity of blasting operationg it 18 advisable to meas-
ure the roof deformations and the plllar crosa extension by means of measuring
rods in boreholes. Figure 15 illustrates the principle of the measuring arrange-
ment, The advantage of this construction is that no part of the measuring appa-
ratus protrudes from the borehole, go that blasting operations cannot damage the
measuring devices.

A disadvantage is that in practice only one measuring rod can be placed

in each horehole go that to determine the exfoliation of the roof several horeholesa
are required,
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4.8 Measurement of Movement on Fisgures

The purpose of these measurements is to determine on fissures the ve-
locity and the direction of relative movement,

The simplest arrangement, and one which is sallafactory for operating
purposes, consistg of three fixed points, two of which are secured on one side
of the fiasure and the third on the other. Thua the movement is measured in the
plane defined by the position of the three fixed points.

The measuring points are marked by means of steel pins, which are
cemented into the rock mass. The measurement is made on steel balls, which
are welded onto the steel pins {Figure 16), The measurements are taken with an
accuracy of + 0.01 mm. The length of the side of the triangle amounta to approx-
imately 230 mm, i.e., it I8 very large compared to the amount of deformation
{2 maximum of 3 mm measured so far), and thus the graphical representation of
the measuring results is greatly simplified.

It was found that, in case of one pillar for example, the movement iz
usually regtricted to one fissure, even when more are present, In order to de-
termine the right fissure, and thusg also the proper lecation of a measuring sta-
tion, all fiesures are covered by a thin layer of cement at one point. From rup-
tures In this cement layer one can determine which of the fissures moves most
Intensely.

The results of these measurements can be summarized ag follows:

1. The movements on the fissures are not necesgarily In direct relation
with the convergence. Often one cen observe relatively large
(usually horizontal) movements without a correspondingly large
change in the convergence velocities.

2. The measurement of fissure movements can therefore, with certain
presuppositions, be used as a measure for judging the stability of
pillars.

3, Under certain circumstances the movement on the fissures may be
tled in with blasting.

4.4 Precision Levelling

Surface subsidence i8 measured by precision levelling (Zeiss Ni II plane
plate micrometer, accuraecy of reading 0.01 mm).

Although for additional measurements it will be necessary to improve
the marking (moraine masses, severe climate} and the closeness of the points,
the results obtained to date already display a description of the subsidence char-
acteristic which agreea with the measurements obtained In the mine.
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It is planned to use precision levelling underground as well, namely for:

1. Roof deflection between two pillar beams.

2. Deflection of the hanging-wall acroas the entire width of a mined
area.

3. As a complement to the other types of deformation messurements,
which will serve both for localizing and rendering precise these
deformation measurementa and also for their control.

5.0 Stress Measurements

No additional deteriﬁination of the prevailing stress conditions in pillars
has been performed to date, since the stress measurements underteken by Hast
(11) In 1952 and 1961 at Laisvall.

However field tests were undertaken with two types of measuring cells
wlithin the framework of the Swedish mining repearch program, viz, with a
rigid (KTH-2) and with ap axial measuring cell.

Rigid Measuring Cell

The principle and construction of this measuring cell are further de-
seribed In reference (29). An indication shall merely be given here, that one is
dealing with a passive, rigid measuring cell. This measuring cell was built as
a prototype for developing the KTH-1 measuring cell; for i{8 measuring medium
it is equipped with swinging wires instead of an extension sensing {ranemitter;
thus it attains a considerably higher degree of sensitivity. It is thus poesible to
determine the stress conditions of the rock mags in the vicinity of the measuring
cell, given suitable creep properties of the Tock maes.

Test measurements undertaken at Laievall to date with seven cells
extended over approximately one and a half years.

Unfortunately however, it transpired that the creep properties of the
gandetone are not adequate for determining the stress conditions in the case of
this particular measuring cell. It is now to be Investigated though how well this
measuring cell i sulted for determining the stress variations under the condi-
tlone at Lalaevall,

The reliability of this cell must, however, be termed as good, since no
cell has so far failed.

Axial Measuring Cell

The function of this cell corresponds to that of an extensometer, with
which extensions can be measured along the axis of a borehole (18). A soft ring
serves as 8 meapuring medium, equipped with four extension sensing trans-
mitters. The ring is equipped with two arms, each of which carries a cylinder
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at its end. These cylinders are cemented into the borehole with epoxy resin,
The distance between the two ringa thus corresponds to the measuring base,
which amounts to 200 mm (Figure 17).

Three of these extensometers, in horizontal boreholes, were built into
two pillare which had not as yet been exposed by mining operations, These, and
a few bordering pillars, were expoged after installing the extensometers. The
changes In the pillar loading which thus arcse could be clearly determined; how-
ever a quantitative evaluation could not so far be performed because of an insuf-
ficient knowledge of the deformation characteristics of the rock mass and of the
pillars,

Future plans Include measurements with the South African measuring
cell "Doorstopper''.

6.0 SBelfregistering Micreseismic Measurements

A few years ago the method of microseismic measurements (Seismo-
acoustic self-impulee method) was iniroduced on an experimental basis for cur-
Trent control of rock mass destruction (14), At present the mensurements are
exclusively adjusted to register microseismic activity, timewise distribution of
impulaes, and to determine impulse rates. Presently there are no plans for
analyzing impulse records on magnetic tapes as to amplitude, impulse formas,
and timewise alteration of the relative impulse energies respectively frequency
spectra, possibly followlng methoda of seismic models in situ as performed, for
example, at the Institute for Applied Geophysics of the Mining Academy at
Freiberg and at the regional office In Freiberg of the 'Geodynamik Jena’ of the
German Academy of Science (26).

In our mines the measurements are performed on a selfregistering
basisg by the following equipment (manufactured by the firm of Adelta AB,
Stockholm): electromagnetic geophon with preamplifier, counting device with
three stage trangistorized amplifier (connections io main and battery), Esterline -
Angus recorder (Figure 18). This combination of the measuring installation per-
mits of an objective measurement, automatic count and registering of the time-
wise impulse distribution, Measuring results are recorded elther in 5 minute
diagramas or hour diagrama, with values presented as impulse/min, Roofs,
Intermediate floors and pillars, In areas either being mined or already worked
cut, are belng checked,

The microgeismic meagurementsa, undertaken according to the self-
impulse methed, are used for:

1. Accidental, sporadic, local control of rock mass destructions.

2. Current, continual, local control of rock maas destructions.
3. Pin-pointing rock destructions in the mine workings.
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Two examples are ligted hereunder. Figure 19 illustrates two meas-
uring regions. "“A" represents an annual diagram of a pillar in the Lindskold
mine, on which sporadic control measurements were undertaken., Two impulse
peaks show up here, of which the latter coincides with rock mass movements,
as determined by convergence meapurements. "'B'" represents anhourly meas-
urement, recorded in the roof of the Laisvall mine. Here too, one finds agree-
ment of convergence phenomena between roof and floor, and increaged impulae
rate. True enough the latter arises suddenly without prior warning, while "A"
recorded an extended increage of the impulse rate.

The two examples show the limited possibilities for applying the seismo-
acoustic direct-method, as described already in (14). It is primarily limited to
measurements extending over longer periods of time and to movements of a
relatively slow type. This limitation is because, not in the least, of the given
method of evaluation which limits itself to the number of impuises and their
timewise Bequence alone, Inconcluding it may be sajd that by means of the self-
impulse method it is possible to determine the onget of rock mass destructions
at an early stage. In combination with other measuring methods the monitoring
of microseismic activity is an effective stability control, At present a new auto-
matically regigtering instrument 18 in preparation (by the firm of Adelta AB). It
will permit of a congiderably larger numbar of msasurements with the same
nurmber of personnel, so that it appears that a more meaningful evaluation of the
measuring results will be posgible which, after all, is to be used as a bapis for
the operating point control.

Conclusions and Future Aims

The following final conclusions can be drawn from the rock mechanicsa
methods of investigation presented by way of a few examples:

The rock mechanics field measurements, undertaken in the complex
way described, provide information about rock mass properties, their ways of
behaviour and existing stability conditions, On the one hand they provide the
prerequisites for various typesa of model-tests (Inter alia 25), and on the other
they provide, on a broad basis, quantitative dats about the stability of cavities
and pillars. Furthermore, these data mnay be useful in conducting present day
mining operations. In the long run these investigations provide complementary
results for future operational planning,

However, a prerequisite for this is that an optimal method combination
be used, which may be a different one for each case Involving a rock mechanics
problem, Above all it should be noted that the rock mags is subject to geological
gpace - time requirements. A mathematical handling of the varioug problems
must alsc depart froin this hypothesis. Looking at it in this way it follows that
the rock mass must be treated as an in situ body.
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From the practical operating person's point of view, the research effort
and the degree of investigation musat be functionally coordinated with the lifespan
and the purpose of the mine installation.

The difficulty in satisfylng this requirement is the problem of how to
achleve optimum ore exploitation at still satisfactory stabllity conditions.

The authors wish to express their sincere thanks to director Fred Agri
of the Boliden Company, Mines Administration, for permission to publish thie
paper, and also to all collaborators who have participated in producing this
article.
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Figure 3. Flasure count per lineal metre along a working face and frequency
analyeis of figsure distances:

Fiassure Length of Room
Distance, 50-100 m
in cm 0-50 m Fissure Frequency In % 100-150 m
0- 1 0 0 0
1- 8 4,8 0 0
3- 6 14,3 5,9 2,0
6—- 10 11,1 5,9 7,8
10- 15 11,1 11,8 19,6
156 - 25 4,8 17,6 13,7
25 - 50 8,5 5,9 11,8
50 - 100 22,2 5,9 19,6
100 - 700 22,2 47,0 25,5
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Figure 5.

Example of fissure recording in room-and-pillar
mining (fissure designation: current number),
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bete rniining| Distinguishing Point Rating
Group Characteristics 0 1 2 3
Height 0-8 8-12 12-20 > 20
Effectwg, pillar 40 30-40 20-30 <20
: . area (m”}
Dimension Roof area to be
oo 2 <150 150-250  250-350 > 350
supparted (m”}
Horizontal sec- | round,beamq elliptic sguare |non-symmetrical
tion shaped
Vertical section |uniform conical hour- non-symmetrical
glass
Foxm shaped
Cuter surface smooth wavey, |s-surface [overlapping
irrepular |following |unterminated
Deviation from oo 5.109 10- 159 > 150
the roof-normal
Pillar base-floor|horizontal jinclined |forming a [sill forming
Position working
edge
Pillar head-roof |horizontal |inclined atepped Forming working
periphery
1.\T0. of geolog- { 2 3 >
Construc ical beds
. Weathering absent local affecting extensive, deep
tior and
. outer
Binder
layer
Contact:Pillar-
100-30 0-70 70-50 < 52
Roof/Floor (%) 00-2 K
Fissuring 0 Fissure distance {cm)
Fisoure _ | 100-40 | t0-f | <1 ‘
icture Fissure length 0 Fissure length in relation to pillar height
pie | 1/4 | 1/2 | 1
Gap width {mm) Q [ o2 T 2-8 | > 8

Sum of evaluating points (a maximum of ¢ points per determining group)

index number.

0- 5
6-10
11-15
16-20
21-25
26=-30
31-35
36-45

Figure 6.
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excellent
very good
good
satisfactory
reasonable
deficient
bad

very bad
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Table for determining pillar evaluating pointa.
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Figure 7.

Scheme of plllar classification with evaluating points.

89



90

W !
+o4+ Soil Complex A
o + oy Overburden M
A?WMMWU%’MV\MWWJWWWT B
R
Gl g Clay shale Upper cloy shale 1
Ceptral ore 6 — 7, W_strand opprox. 30 m A
1 Shale conglomerate _ N
ol | o) P
& . t{ €Coorse bluisk groy sandstene Upper sandstane R
toe 6—Bm B
- C
N T == Cloy shale Ha0 A
S M
— B
2| ex 1" | Grayish bl dstane & — B R
E b s raxis ve sancstone & = & m. Middla sandstone ]
L A
a s Eventunlly cloy shale at 1he base N
1 Gugrtz conglomerate
[] Clay shale H28
Zune with clay loyers
H Light quortzitic sondstone
Top rocof o
4 b Zone with clay loyers
:" Light groy sandstane
5 - -- Sandstonz with cloy loyers, sand-
~ "] stone foyer ot the base
""":-. Heovily clay-leden zone H20
D Clay containing orkesic sandstene
4 i eventuvally with white sondstone
PN benches
a-dyo Lower roof
al @ White sondstone eventually with thin Lower sandstone
s, clay layers
; _L-:“ Cloy-luyered sandstone with white
2 a _‘—‘; sandstone benches
Lt White sandstene with Individunl thin
ax clay layers
1 4
b "Yellaw Bench''
= MWm
m’mnwwr_—_—_i
Clay shale with quartzitic sandstone
¢ benches Lower clay shale
Arkose
[ ]
A Granite

Figure 8,

Stratigraphic-petrographic table of the

galena mine at Laisvall,







HAH‘ "BH

Figure 10. Measuring installation for long wires {per R. Kvapil's suggestion,

Royal Technical University, Stockholm).

"A" 1) anchoring of wire, 2) steel wire, 3) U-shaped channel
iron, 4) foundation pipe (cemented into borehole}, 5) measur-
Ing mark, clamped onto wire, 6) slot for measuring mark,
¥) reference plate, 8) stalnless steel mensuring plate,
9) drill holes for dial-gauge {(deformation and reference
mesagurement), 10) bearing surface of dial-gauge (stalnless
gteel), 11) dial-gauge, 12) clamps, 13) guide collar
(stalnless steel), 14) guide hole, 15) welght (may be
replaced by loading-spring if necessary).

ngh  jllustrates detalls of the oonstruction in plan view and
elevation,
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COMPARATIVE STRESS MEASUREMENTS
AT ELLIOT LAKE

W.L. van Heerden* and F. Grant**

Abstract

As part of an extensive program of measuring rock
streeses, a series of comparative measurements were made in
a Canadian uranium mine by means of a strain cell developed at
the South African Council for Scientific and Industrinl Research
and of a borehole deformation metexr developed atthe U, 8, Bureau
of Mines. An analysis of the results, taking account of certain
sources of error, shows that there is satisfactory agreement
between the results obtained with the two methods,

futraduction

During recent years incrcasing consideration has leen given to the prob-
lem of measuring the stress in rock around underground excavations. Leeman
{1) has published an excellent review of the instruments and techniques available
for this purpose, In Canada an exiensive program has been pursued since 1963,
and this paper, in effect, is a second progress report {the first having been pub-~
lished lasat year (7).

*Exchange Research Officer from National Mechanical Engineering Research
Institute, South African Council for Scientific and Induetrial Research, Pretoria,
South Africa, at Mines Branch, Dcpartment of Energy, Mines and Resources,
Ottawa, Canada.

+*Zoientific Officer, Mining Research Laboratories, Fuels and Mining Practice

Division, Minee Branch, Department of Energy, Mines and Rcsources, Elliot
Lake, Canada.
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The mstruments that are most often used today can be divided into two
classes, One class, the borehole deformation gauge, measures the changes in
length of one or more diameters of s borehole drilled in the rock when the stress
in the rock surrounding the gauge is relieved by drilling an annuler groove con-
centric with the borehole. Because the overcoring hele is usually 6 in, or more
in diameter, the method is expensive and practical drilling difficulties restrict
the depth at which a measurement can be obtained.

The second class of instrument, which takes the form of a so-called
strain cell contzining electrical resistance gtrain gauges or a photo-elastic
disc, is glued on the flattened end of 2 borehole drilled in the rock. Tt measurcs
the change in strain of the rock on which it is glued when the stress is relieved
by extending the length of the borehole by means af a coring drill, The small
size of the hole required and the simplicity of the overcoring and installation
procedure make it posgsible to obtain measurements at & considerable depth in-
gide the rock mass.

In this paper the results obtained using 8 borehole deformation meter
developed at the L.S. Bureau of Mines (2} (referred to as a deformation meter
in this paper) with the results given by a borehole strain gauge device (1) devel-
oped at the South African Counci] for Scientific and Industrial Research (refer-
red to as a sirain cell in this paper} are compared.

Both instruments were tested in the laboratory {3, 4) and were found
to perform satisfactorily under uniaxial and biaxial leading conditiors, In this
paper the performance of the two instruments, under the more complex stress
conditions which are encounfered underground, are compared.

Descripiion of the Instruments

The instruments used for the measurements have been described else~
where (1, 2) so that only a brief description will be included here.

TU.3. Bureau of Mines Dorehole Delormation Meter

The borehole deformation meter which was developed in the 1., 8,
Bureau of Mines measures the changes in length of a single diameter of a bore—
hole, The measuring element is a beryllium copper cantilever on which four
resistance strain gauges are mounted and connected to form a Wheatstone
bridge, The canlilever also produces the force required to keep the piston in
contect with the sidewalls of tho borehole.

When the deformation meter is installed in a borehole, any change in
diameter of the borehole is transmitted via the piston to the cantilever.
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The change in bending strain produced in the eantilever is measured on
e conventional strain indicator. Changes in diameter of as little as 50 micro in.
can be measured with this meter. The reference diameter of the instrument can
be changed by changing either the piston length or the spacing stud directly op-
posite the piston, This allows the meter to be adjusted for use in an oversize
hole, The gauges on the cantilever are waterproof and dust proof, and the meter
has a temperature sensitivity of lesg than 10 micro in, per °F,

CBIR Strain Gauge Strain Cell (""'Doorstopper'’

This strain cell was developed at the Scuth African Council for Scien-
tific and Industrial Research. It measures changes in strain in three directions
on the end of & borehcle, The measuring element is a conventional rectangular
gtrain gauge rosette, the individual gauges of which are oriented to measure
changes in strain in the vertical, 45° and horizontal directions, The leada from
the geuges are connected to four pins in an insulated connector plug. Both the
plug and the gauges are encapsulated in a silicone rubber compound which pro-
vides physical protection as well as waterproofing for the strain gauges.

The strain cell is instelled into the borehole by means of a special
installating tool (5, 6). In this method the rock on which the cell is cemented
is stress-relieved by extending the length of the borehole,

Method of Megsurement
Theoretical

In uging either of the methods described above, the principal stresses,
o] and 99, acting in the plane normal to the borehole, are cbtained by measur-
ing the deformation or strain in at least three different directions. The caleu-
lation of the magnitudes and directions of 61 and 2 from the measurements
depends, in general, on the assumption that the measurements are insensitive
to any normal stress parallel to the direction of the borehole.

For purposes of comparing the two instruments underground, the
boreholes in which the measurements were made were drilled parallel to each
other. Thus at any depth of the boreholes the stresges to be measured could be
considered to be the same. Any differences could only be the result of inaccu-
racies introduced by the instruments, inaccuraciea in determining the elastic
conetants of the rock and inaccuracies due to the degree to which the above
assumption was not fulfilled.

U,5.B.M. Deformation Meter. The formulae to calculate the stresses
from borehole deformation measurements obtained with the U, 5. B. M, defor-
mation meter were derived by Merrill and Peterson {3), They are as follows:
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If,

uy = deformation measured across a diameter cf the
borehole (see Figure 1)

uz = deformation measured in a direction 60 degrees
anticlockwise from uy {usually the vertical
direction)

ug = deformation in a direction 120 degrees anti-

clockwise from uy

61 = angle meagured anticlockwise from ¢ to the
direction of uy

D = diemcter of the borehole
E = modulus of elasticity of the rock

then,

= E
oy tap =L {ug +uy+ug)
A e S Rl

1/2
71 -°¢ =\’—-———§§ [(ul-U2)2+(uz-u3)2+(u1—u3)2]

from which the magnitudes of 1 and 72 can be determined. The direction of
o1 is given by:

N8 (e - ug)
2uy) -ug ~ug

tan 24 ¢

CSIR Strain Cell, The formulae used to ealculate stresses from strain
meagurements obtained with the CSIR strain cell are well known strain rosette
equations derived from the theory of elasticity. They were included in a recent
publication by Leeman (4},

Let the difference in the strain veedings in the vertical, 45° and hori-
zontal directions before and after overcering be ey, e4s5 and ey respectively.

The principal strains in the rock on the end of the borehole are given
by:

e1,2=1/2 | (e + ev) i‘liz eqs5 — (e + ev}}2 + ey ~ ev)2
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The principal stresses ¢1' and ¢2' in the rock on the flat end of the
borehole are:

opt=_E 5 (61 vez)
1-v

g’ =1_._E72_ {ep + veq)

where
E = modulus of elasticity of the rock
v = Poisson's ratio of the rock.

The principal stresses ¢ and ¢3 in the rock surrounding the borehole
can be obtained from

= 1 t = 1
Ul_. L ’ oo = .62
1,53 1.53

The direction of ¢ can be determined from:

2 (e1 - en)
2045 ~(eg+ ey

tan & =

where § i8 messured anticlockwise from the horizontal direction {see Figure 2),

Experimental

U,8, B, M. Deformation Meter. The procedure used to install the de-
formation meter and to relieve the atress in the rock surrounding it involves
the following sequenoe of steps.

A 6-In, hole is drilled sufficiently far intc the rock to get beyond the
fractured zone nebr the rock face, The core i8 removed, and guides are placed
in the hole to centre the EX core barrel, An EX hole is then drilled into the
cantre of the end of the 6-In. horehole to a depth of 10 ft or more ahead of the
end of the 68-in, hole,

The deformation meter 18 placed in the EX hole 6 to 9 in, from the
end of the 6-in. hole and oriented to messure changes in the vertical digmeter
of the borehole. The cable from the meter 18 brought out through the drill rods
and oonnected to & strain gauge bridge, an initial reading ia taken, and the 6-in,
drill i edvenced. Resadings are taken at regular intervals until the meter is
overcored. A final reading is taken and the core is removed.

The difference, uj, between the Initial reading and the final reading
during the overcoring operation is a messure of the borehole deformation in this
direction.
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The meter 15 then installed deeper In the EX borehole and oriented to
measure changes in diameter in a direction 60 degrees anticlockwise tothe direc-
tion of the uy. It is again overcored, and a measurement ug is obtained.

The CSIR Strain Cell, To use this strain cell a BX size (2-3/8-in. -
diam) borehole 18 drilled into the rock to the depth at which the siresses are to
be determined,

The end of the borehole is ground flat and smooth with a square faced
diamond bit end a flat faced diamond impregnated bit, The end of the borehole
is dried by wiping it with a piece of cloth sosked in a sultable solvent.

The strain cell to be used i8 cleaned, plugged into the installing tool
and smeared with & wniform layer of glue. The complete asgembly is pushed
up to the end of the borehole.

On reaching the end of the borehole the tool 18 oriented and the cell 1a
pushed mgainst the and of the hole by applying sufficient pressure on the instal-
ling rods.

Once the glue has set and the strain readings become constant, the tool
is removed, leaving the strain cell adhering to the end of the borehole,

The drill using 8 BX coring bit 18 inserted in the borehole, and the
rock to which the strain cell 18 attached 18 cored out. On removail from the
bhorehole the strain cell, adhering to a length of core, 18 plugged into the instal-
ling tool and a {inal strain reading is taken. The strain resulting from the
stress-relieving operation is the difference between the inltHal and final etraln
readings.

The end of the hole is flattened and the procedure repeated.

Tests Performed on 6-in. Core Samples. Each of the 6-in, corepieces
in which a deformation meter measurement was obtained was returned to the
laboratory. Cylindrioal specimens with their axes parallel to the directions in
which field measurements were taken were prepared from tham,

Simple unlaxial compression tesis were performed on these specimens
from which the modulus of elapticity of the rock was determined, Lateral sirain
gauges were glued to some of these specimens In order to determine the
Poisson's ratio of the rock,

Tests Performed on BX Core Samples, As a confirmation that the
strain cells were properly glued to the rock, tests were conducted on 1/2-in, ~
thick diace cut from the ends of the core to which the strain cells were attached.

Compressalve loads were applied to the cylindrical surface of the discs
at two diametrically opposite pointe and parallel to, say, the vertical strain
gauge In the rogette. Readings from all the strain gauges were taken at fixed
increments of load.
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The regponae of the gauges waa plotted against the applied load, and if
there were no pecularities in the curves it was assumed that the bond bhetween
the strain cell and the rock was adequate., The modulus of elasticity and the
Poigson's ratio of the rock were obtained from the core by meana of uniaxial
compression tests in the laboratory, Unfortunately some of the core pieces
were not recovered and others were not suitable for compression testing so that
these teats were performed at about half the gtress~relieving stations.

Description of the Test Sites

Test Site 1 ~ Measurements in Rock Undisturhed by Stoping

Meapuroments were made with both insiruments in No. 14 extension
drift in the hangingwall of the mine. The drift 1g 1,400 ft below surface and the
average dip of the formation 18 14°,

Three horizontal boreholes were drilled in the sidewall of the drift as

ghown in Figure 3. Borehole No. 1 was used for deformation meter measure-
menta and boreholes Nos. 2 and 3 for strain cell measurements.

Test Site 2 —~ Measurements in Piilars

Both instruments were used to determine the stresses in several nar-
row pillare in 8 mined-out area of the mine. The ore is mined on a room-and-
pillar system (7). The stopes aTe approximately 250 ft long on dip by 140 ft
wide and are separated by pillare 10 ft wide,

Holes for the strain cell measurementd were drilled parallel andclose
to holes In which the deformation meter measurementa were taken, Thepillars
in which measurements were taken as well as the general layout of the atopes
are shown in Figure 4.

Experimental Results

Field Stresses, Test Site 1

The results of the measurements made with each instrument in the 14
level extension drift are given in Table 1 and Figures 5, 6 and 7. Figures 5
and 6 show the variation, with distance into the sclid, of the major and minor
principal streases {¢] and ¢g) respectively. Figure 7 shows the varlation of
the major principal stress direction with distance into the solid,

In analyzing the deformation meter results, two obvicusly errcneous
results were rejected. Plois were made of borehole deformationuj (1 =1,2,3)
vorgus distance from the collar of the borehole for each orientation of the
meter in the borehole, Values for the borehole deformations uy, uy and ug,
determined at intervals, along the length of the borehole, by interpolation
from these plots were uged to calculate the deformation meter results shown
in Flgures 5, 6 and 7.
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The strain cell results in Figures 5, 6 and T are the average of meas—
urements made inboreholes Nos, 2 and 3. Except for the first 10 It the scatter
in the results obtained in these two boreholes wae less than 10 per cent. The
gcatter {n the reaults over the first few feet can be attributed mainly to the fact
that these measurements were obtalned during a period when the strain cells
and installing equipment were undergoing inftial evaluation tests when the
underground erew was not yet fully acquainted with the installation procedure.

Measurementa were obtained in borehole No. 2 for a distance of 80 ft
into the solid, Since the deformation meier measurements were discontinued
at 8 depth of 30 ft, the strain cell results between 30 and 80 ft could not be used
for comparison purposes and are, therefore, not included in this paper.

Asg can be seen from Figure 7 hoth methods showed that the major
principal stress is acting in 8 direction of between 70 and 100 degrees from the
vertical direction (1,e., close to the hor{zontal direction). The magnitudes of
both major and minor principal stresses as determined with the deformation
meter are consistently higher than those Indicated by the strain cell, It is be-
Heved that some of the reasona for this are as follows:

1. In most cases the deformation meter may have been installed too close
to the end face of the 8~in, overcoring hole when the initial reading
was teken, For this reason the diameter of the hole at the point of
measurement may have been affected by the stress concentration shead
of the 6-In. overcoring hole, Although s distance of 6in, (onediamoter)
was used, a decrease in the borehole diameter wae detected as soonag
the overcoring hole was advanced, This might mean that the deforma-
tion meter was not completely outside the zone of influence of the over-~
coring hole; thus the measurements would be, therefore, slightly high
because the streass ooncentration effect {s included in the reading.

2. in some casges the overcoring operation had to be discontinued while
the diameter of the borehole waa st{1l changing. This resulted in
mesagurements which were either too high or too low depending on the
direction in which they were taken (9).

3. The construction of the ptrain cella used in these tests was such that
the strain had to be tranemitted to the strain gauges via a thin plece
of "Araldite'' shim. This resulted in strain readings which were as
much a8 gix per cent too low.

These errore increased the difference between the results obtained
with the two instruments,.
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Pillar Stresges, Test Site 2

The results of the strain cell and deformation meter measurements are
shown ip Tables 2 and 3 respectively. Sipce the three readings uj, up and ug
required to complete a deformation meter measurement were obtained over a
distance of approximately 3 ft, fewer measurements could be obtained in the
narrow pillars with this method, Average values of uj, up and ug were, there-
fore, determined to calculate the stresses in the pillars.

Table 2 ghows that the strain cell results are fairly consistent over the
centre section of the pillar in which meapurements were obtalned. In view of
this and the fact that few deformation meter results were obtained, it was con~
gidered reasonable to compare average values of the siresses and their direc-
tions In the pillars. The results are compared in Table 4,

Both methods showed that the major principal stress actain an up-dip
direction approximately 45 degrees from the verticaldirection. The magnitudes of
the major principal stresses as obtained from deformation meter measure-
menta were again slightly higher than thoee obtained from strain cell meagure~
ments. The difference in the magnitudes of the minor principal stresses cb-
tained with the two methods is much greater. In some cases the deformation
meter values are three times a8 high as the strain cell valuas.

It 18 believed that this difference is because of errors which were
introduced in the ug deformation meter measurements taken in a direction 120 de-
grees from the vertical direction, As a check, the stress values obtained from
the sirain cell meapurements were used to caleulate the deformations of an
EX borebole in the three directions in which deformation meter measurements
were taken. The oalculated values of uy, U and ug and those measured by the
deformation meter are glven In Table 5. These clearly indicate that the agree-
ment between the calculated and measured ug's are generally poor. On the
other hand the agreement between the calculated and measured values of all
uj's and up's i8 satisfactory with only one exception, namely, in borehoie
9W9-2L. Thus it can be concluded that, had the ug measuremenis been more
satisfactory, the stressea obtained by the deformation meter would have con—
formed even more closely with those given by the strain oells.

Rook Properties

The uniaxial compresasion tests performed on BX core samples which
were obtained from overcoring tests with the CSIR atrain cell produced values
of the modulus of elastioity and Poissoun's ratio of the rock with a standard de-
viation of less than five per cent, Thefollowingmean values were obtained:

Modulus of elasticity 11,5 x 108 psi

Poispon’s ratio 0.2

A]l the results, except the values of Poission's ratlo, were obtained from com-
pression tests on specimens prepared from the 6-in. overcoring coresa (8).
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Although the same mean valueg were obtained, the standard deviation was found
to be 15 per cent for the modulus of elasticity and 25 per cent for Poisson's
ratio,

When analyzing strain or borehole deformation measurements, obtained
from overcoring tests, the results are usually more accurate if the elastic
constants (E and ») obtalned at each measuring station are used for the calcula-
tion of the siresses at that point, However, since the constants oould not be
determined at every overcoring station, it wag conasidered reasonable to use
the mean values giveun above for all calculations in thie paper.

Conclusions

Both instruments show the same genersal varietion of oy and #o with
distance from the sidewall of the 14 level extension drift., At distancee of be-
tween 20 and 25 ft from the sidewsll the difference between the results is large.
However, cousldering the accureoy with which the elaetic constants of the rock
could be determined, the inherent accuracy of the instruments and othar errors,
the results obtained with the two methods are generally {n good agreement.

With the exception of the uy measurements gll other measurements
(u1 and ug measurements) obtained with the deformation meter in the pillars are
in good agreement with measurements obtained with the strain cell. The direo-
tions of the principel stresses obtained at both sites using the two instrumenta
are in good agreement.

The resulte of these experiments are a good indication of the relability
of both instruments for determining the stresses in unfractured hard rock.

The deformation meter has the advantage that it can be used under wet
conditions. It has the disadvantage that it is not rigidly fixed in the hole during
the overcoring operation and it can, therefore, move while being overoored,

The strain cell hes the advantage that more measurements can be ob-
tained with it within & given distance. Although it has the disadvantage, at the
present tme, that it can only be used on dry rock, chemicala are now available
for improving the hond of cements to wet surfaoes which may solve thisproblem,
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TABLE 3

Results Obtained from Deformation Meter Measurements in the Pillars

Hole Depth of Hole Deformation Measurements
Number {inches} (10'4 inches}
uy u, u,
9W9-1C 37 28 - --
" 62 -- - 4.8
" 80 - 12 --
MEAN 28 12 4,8
9W9-2C Core disced all the way
IW9-2L 21 - 21 -
" 31 32 -- --
" 44 “- - 2.8
" 55 -- ig .-
" 77 a2 -- --
" 89 -- - 18.2
MEAN 32 17.5 10.5
IW9-3L 22 - 2.9 -
" 34 48 -- -
1 46 - - 29
H 68 - 33 -
MEAN 48 31 29
9WG-1R 72 -- 18.0 --
Core disced most of the time
IW9-2R 33 -- 8.0 -=
" 45 36,63 -- -
" 58 - -- 4]
" 80 -- 19.0 -
MEAN 36,63 13.5 0
9W9I-3R 42 - 12 -—
' 53 48 -- --
T 66 - - 3.6
" 76 - 19.2 .-
MEAN 48 15.6 3.6
iiwo9-2C 30 -- 23.3 -=
" 46 2.4 - --
. 59 - -— =-0.7
" 72 -- - -1.4
" B0 - - 0
" 92 44.0 - --
" 102 -- 14,5 -
MEAN 38.2 18.9 -0.7
1{W9-3C 24 - 20 -
" 41 33 - --
" 54 -- -- 0
" 65 - 20 --
MEAN 33 20 0
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TABLE 4

Comperison of the Magnitudes and Directiona of the Principal Streases
ag Determined with Each of the Methods in the Pillars

Borehole | Type of Measaring Principal Stresses Angle from Vertical to

Number Instrament {poi} Direction of Maximum

Maximum | Minimum | Principal Stress (deg.}
9W9.1C | Strain Cell 7610 1014 44
" Deformation Meter 8680 3220 53
9W9-2C | Strain Cell 8210 1075 45
" Deformation Meter -- - -
IW9-2L | Strain Cell 7400 1858 a8
" Deformation Meterx 10475 5425 50
9W9-3L | Strain Cell 13930 5400 36
" Deformation Meter 16800 12000 LY
IW9-1R | Strain Cell iozio 342 44
" Deformation Meter -— - -
9W9-2R | Strain Cell 10750 1415 43
" Deformation Meter 11640 3220 44
9W9.3R | Strain Cell 13000 1410 47
n Deformation Meter 14000 3600 52
1iW9-2C | Strain Cell 10437 1546 42
H Deformation Meter 11975 anzs 45
11W9-3C | Strain Cell 9710 1744 41
" Defarmation Meter 11500 2600 42

TABLE §

Comparison of the Changes in Diameter of an EX Borehole as
Measured with the Deformation Meter and as Calculated from
Measurements Made with the Strain Cell

Pringipal Streawcs Determined Borchole Deformations Galculated [Borchole Deformations Menasured

Borehole {ram Strain Cell Measurementa from Strain Cell Measurements with the Deformation Metar
Number (pai) 110~% inchea (1074 inches}

Maxirmum Minimum uy uy uy wy, uy 4y
IWI-1C T L0 1044 26,0 11,8 -39 8 1z 4.8
IWI-2C HZ10 1075 0,0 12,0 -6.5 - - -
OWY-21, T400 165 23. 0 15.7 =2.1 3z 17:5 10. 5
9We-3L 13930 5400 40,7 304 3.8 48 3L 29,0
9W9-1R 10210 42 35.6 4.6 -8.9 -- 18.D -
FWI-iR 10750 1415 35,8 17.4 =5.9 6.6 13.% 1]
W3- 3R 13000 1410 45 16.5 EL 48 i5.b 3.6
11W9-2C 10437 1546 8.0 18.1 -5.6 38,0 ia, 9 LU
11W9-3C 97i0 1744 3.0 18. ¢ -4,35 EE) 20 1]
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Figure 1, Directions of giresses and deformations
(U.8.B.M. deformation meter).

Figure 2. Directlons of stresses and strains
(C.S.1,R. gtrain cell},
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Figure 3. Positlon of the boreholes in the 14 extension drift,
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Figure 4. Plan of stopes showing pillara in which measurements were taken.
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Figure 5. Graph showing variation of major principal stress (a8 determined
with each of the two methods) with distance into the solid.
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Figure 6. Graph showing the variation of the minor principal atress (as deter-
mined with each of the two methods) with diatance into the solid.
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Figure T, Variatlon of the major principal stress direction with distance into
the solid.
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AN APPRAISAL OF CONVERGENCE MEASUREMENTS
IN SALT MINES

D.G.F, Hedley*

{ntroduction

In salt mines the rock-mass movement because of mining does not occur
Instantaneously, but over a long period of time. Consequently, salt pillars which
appear to be stable immediately after mining often deteriorate with time and may
ultimately fail. Pillar failure can take place over a range of vertical compres-
sive streases. At high stresses failure occurs earlier than at low siresses. It
has been auggested (1, 2, 3) that a criterion of fallure based on a limiting verti-
cal deformation would be more reallatic than one based on stregs, and the value
of deformation at which the deformation rate starts to accelerate is chosen as
the point between stability and inastability. The time taken by a pillar to reach
an unatable condition can be calculated from an experiinental value of the maxi-
mum permissible vertical deformation and the rate of convergence measured in
situ.

The rate of convergence is the best parameter for comparing the rela-
tve stability of the pillars at different mines or sections of mines. The higher
the convergence rate the less time it takes for the pillars to reach instability.

This paper discusses the factors which have been found to affect con-
vergence measurements. Convergence rates measured at five salt mines in
England, Canads and the United States are presented. These measurements
are analyzed and a relationship between convergence rate and calculated pillar
stress 1g evaluated,

*Post Doctorate Research Fellow, Mining Research Laboratories, Fuels and
Mining Practice Division, Mines Branch, Department of Energy, Mines and
Resources, Elllot Lake, Ontario.
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An example of the convergence profile across the centre panel at the
Meadowbank Mine is shown in Figure 2 and the position of the stations in Figure
5. 1n this instance the area was mined previous to 193% and the rate of conver-
gence at each station i8 now approximatoly constant, The convergence is a
maximum at the centre and decreases almost symmetrically towards the solid
houndary.

Height of the Pillars

For a glven stress acting on a pillar the greater the height the greater
is the vertical deformation. As a first approximation it can be assumed that
the deformation per unit height (strain) remains constant. Therefore if the
helght of the pillar is doubled the amount of vertical deformation is also doubled.

Geological Structure of the Salt

It has been observed (1, 4, 5) that the presence of Impurities and the
size of the salt crystals affects both the compressive strength and creep char-
acterigtics of salt, The presence of impurities, especially anhydrite, increases
the compreasive strength and decreases the rate of deformation at a conatant
stress, However, salt becomes more brittle with the presence of iImpurities and
therefore exhibits less deformation before fallure.

Saltspccimens composed of large crystals have been found to deform at
a faster rate than those composed of small crystals.

Temperature and Humidity

An increase In temperature Increases the rate of convergence (6, 7).
An example of the effect of temperature on convergence af an experimental pite
at the Lyons Salt Mine, Kansas, 18 shown in Figure 3. These measurements
are part of an experiment, conducted by the Health Physlcs Divigion of the Oak
Ridge Natlonal Laboratory, into the disposal of radicactive waste 1n salt mines,
The rate of convergence Increased rapldly when the temperature of the heatera
was Increased te over 100°C.

The effect of humidity on convergence 18 less well known. Saltis a
hygroscopic material and abaorba moisture from the atmosphere. How far this
moisture penetrates into the salt i unknown and it may he only a surface effect.

In summary, when the local sag of the roof and floor heave are not sig-
nificant then the convergence rate in the rooms reflects the stress acting on the
pillars, The magnitude of the convergence rate is affected by: time since mining,
depth below surface; exiraction ratio; position within the workings; pillar height;
temperature and humldity; and geologlcal factors. Of these probably the most
important factors are depth below surface and extraction ratio, which determines
the stress acting on a particular piller, and the time which has elapsed since

mining,
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Analysis of Canvergence Rates

The rates of convergence measured at Meadowbank Mine, Cheshire,
England (1), Bifto MIne, Ontario, Canade (8), Ojibway Mlne, Ontario, Canada (9),
Lyons Mine, Kansas, United States (10, 11), Hutchingon Mine, Kangag, United
States (10, 11), are glven in Takle 1 together with the percentage extraction, es-
timated pillar stress and age of the opening, The locations of the convergence
gtations at these mines are shown in Figures 5, 6, 7, 8 and 9, Also a brief de-
scription of each mine is given in the Appendix. All the mlnes are similar in that
the salt beds are approximately horizontal and a room and pillar system of mining
iz employed.

When comparing the convergence measurements at these mines it is not
posgible to equate all the factors affecting convergence. The mines have been in
operation for different periods of time and the convergence rates at some are
constant, while at others they are still decreasing.

In ohvious cases where the roof or floor have separated from the sur-
rounding strata the results have been rejected and are not included in Table 1.
Also, where possible measurements near the centre of an excavation or panel
have been chosen, since these are the maximum values, However, at most mines
only a limited number of mesasurements have been taken, in which case all the
measurements are included., To take into account the varying working heights of
the dliferent mines, each convergence rate has been divided by its respective
room height.

The siresses acting on the pillars were estimated from the weight of the
overburden and the percentage extraction, using Equatior 1, However, in ir-
regular room and pillar workings, a5 in the centre panel at the Meadowbank Mine
and in parts of the Lyons and Hufchingon mines, the percentage extractiong were
estimated. At high extraction ratios any small errcr produces relatively large
errors in the evaluated pillar stress. The density of the overlylng strata at the
Meadowbank, Sifto and Ojibway mines was obtained from surface drill holea,
while at the Lyons and Hutchingon mines it wes assumed to he equivalent to 1

pai per it depth.

The graph of convergence rate versus estimated pillar stress 1a shown
In Fipure 4, As expected there is a congiderable amount of scatter of the results.
However, the gemeral trend indicates that as pillar stress Increases the conver-
gence rate also Increases.

A number of different types of mathematical functions could be fitted to
the data. The most common, laboratory determined, relation between vertical
pillar strain rate {or convergence rate) and piller strese is in the form of a power
function.
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TABLE 1

Comparison of Convergence Rates at Five Salt Mines

Sledon Convergence Type Womlnel Eallmatad Age of
Mine ‘Humber Aute of Percenlege Pllar Stress Opening Comm enta
in/tn/dey x 108 ¥low Extraction pei Yeara
B 2.6 copatant 45 3000
11 1.z constant a5 3000
12 1.3 conatant 85 3000 Depih
17 1.7 conglam HE aogn an
28 2.7 conelant HS Jann 450 ft.
20 2.4 conglant A5 oot
Meadowbrock a3 2.3 constant ] 000 Ovarburden
cz 1.1 decTezaing 5 1600 walght
Chashire 433 1.2 dacrezalng 5 1800
cr 1.2 decresalng 75 1800 1.00 pal/1t depth
[} 1.4 dacresslng Ta 1800 3
[} 1.4 decreasing TS 1800
c1a 1.4 decrepaing Ta 1a00
22 0.6 dacrassing [ 1800
24 0.5 decressing 75 1800
25 1.7 decreasing 5 1400 ]
26 1.8 decroaslng T8 1800
NEC B.% deoreasing 40 J408 Duepth
NEW 5.8 decreasing 40 3400 3
Sl HEE 4,1 decreasing 40 34400 1ta0 f,
B 6.4 conatam a5 3200 Overburden
Onterio S4Ww 5.8 cooAtant a5 A200 4 welght
ME 5.9 eonatant 35 3200 1.16 pel/it depth
Cibway, Depth 960 ft,
Omtaric L decraadlng 57 2300 T Overburden
walght
1,04 pai/ft depth
1 2.7 decraaalng G 2800 Daeplh
7 Z.9 deereaslng .11} 2H00 0 1024 ic,
10 .9 decreaslng &0 2600
Lyons, 13 2.4 decreaging 60 2800 [:1H] Dwverburdan
14 4.6 decreasing 55 e4G60
Kaneas 15 2.4 decreasing 58 2450 welght
18 7.2 decreasing 50 2600 1.00 paifft depth
20 1.8 deereasing 50 2500 afd asswmed
24 1.4 d&cress(ng 59 2500
dd 1.2 dacreasing 5% 2500
T1 1.5 decreaslng 1) 2500
5 0.3 decreraing i 2160 Depth
] 0.4 decresnlng 0 2160 40 &5 It,
1w 6.2 decreading T 2160
Hutchlngon B B, decreaslng 23 JB00 18
7 3.4 decraaalng 23 3809 11 Overburdan
Xansas 2 2.4 decreaslhg 7 2800 T welght
3 a5 dacroaslog 78 3000 10 1,00 pel/it depih
4 1.6 decreasing T4 2500 28 Bogumed
1 2.2 decreaslng 78 3000 2
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where € = vertical strain rate or converpgence rate
o = giress

constiants.

Aandn

A regression line, which is the best statistically fitted equation assum-
ing a power function, is drawn on the graph in Figure ¢ and on either side of the
regression line are drawntwo arhitrary lines at + 50 per cent. The values of the
constants "A" and "n" for the regression line are

™.
I

15%x1078 ¢ 2.7 !

where € convergence rate in/in/day x 1076
o = pillar stress

These valucs arc very similar fo those obtained by Obert (3) and
Bradshaw, et al,, for laboratory model pillars,

¢ =9x10® o306 5
when t = time since mining hrs.

A fime factor was infroduced inlo 1his cquation to take into account a decreasing
convergence rate,

In the following seclions the convergence measuremecenis at each mine are

examined to determine whether the time, posilion and geclogical factiors, if they
were taken into accountl, would reduce the scatter of the resulls.

Meadowbank Mine

The measurements in the centre panel are mainly below the regression
line as shown In Figure 4. The convergence rates are approximately constant
and are unlikcly to decrease substantially with time, However, the lower con-
vergence rates arc at stations sitnated near to the periphery of the panel, while
those near the centre correspond very closely with the regression line. Con-
vergence rates in the west panel are close to the regression line, Although the
convergence rate is still decreasing, the difference from year to year is very
small, Those measurements in the east pancl are all ahove the regreesion line.
However, the openings are only three years old and it is expected that the con-
vergence rate will decrease with time and approach the same value as those
measured in the west panel. The salt at this mine contalns a number of impuri-
tles which would tend to depress the convergence rates,
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Sifto Mine

All the convergence rates measured at this mine are above the regression
linc. Those measured at the N5 site are decreasing with time and will approach
the regressiop line, Bul the convergence rates measured at 84 are constunt and
furthermore the site is on the periphery of the workings, Consequently, il would
he rxpected that the convergence rates measured at this sitc would be less than
lhose measured at N6, One possible explanation is that the mining height at 84
is 20 #t compared to 40 ft at N5 and any local sag of the roof will have double the
effect on the convergence rate at 54 to that al N5, This anomaly will be vlarified
since site 84 is presently being re-mined to a heightl of 40 fl. Thercfore it will
he possible to compare the convergence rale for 20 ft and 40 {t heighls at the same
gite, In addition, convergence stallons have heen installed Lo check the accuruey
of the measurcemesnts at N5, The salt at this mine has a high purity which would
tend to elevate the convergence rates,

Ojibway Mine

The one convergence mzasurement al this mine is considerably helow the
regression line, and the rate is slill decrcasing with time. There is no obvious
rcason why this is the case, even though il is situaled 350 {l away from a relative-
ly large shafl pillar. Also the sall bed is of a high purity which should tend to
elevate the convergence rate. Ilowever, foo much reliance should not be placed
on one measuremenl and it would be preferable if it had been substantiated by
other measurcments.

Lyons Minc

Mosl of the couvergencc rates measured at this mine are reasonahly
close to the regreesion line. An exception is the rate mceasured at station 14,
which is considerably higher, possibly because of local separation of the roof
strata, The age of the opeoings at this mine i8 at least 30 years and the con-
vergence tate is deereasing very slowly with time,

Hutchinson Mine

In general the convergence rateg measured at this mine are evenly
distributed about the regrcssion line, The exceptions are those, measured at
stations 5, 9 and 10 which are considerably lower. However, these stations are
located very near to the shaft pillar, hence the results are not unexpected. Many
of the measuring stations at thls mine are loceted near the periphery of the work-
ings. Consequently, the convergence rates at these sites would be expected to be
lower than those near the centre.

It can be concluded from the qualitative_ deductions that in most cases,
if the time, position and geological factors could bave beon standardized, then the
scatter of the results would have heen considerably reduced.
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Concfusions

Convergence rates measured at five salt mines are in reasonable agrec-
ment with cach other. As a first approximaticn the rclation between convergence
rate and pillar stress can be expressed hy:

é = 15x10°8 2.7

where ¢ = convergence rate in/in/day x 106

Q
Il

pillar stress pei

This equation gives an average guantity which covers a time period from 2 to 70
years and a variation of positions within an excavation or pancl. If the time,
position and geclegical factors could have quantitatively been taken into account,
then the scatter of the results would have probably been substantially reduced.

One of the acceptable principles of room-and-pillar design is the direct
comparison of conditions at similar mines., Room-and-pillar dimensions which
have becn found to be stable in one part of a mine, or in another mine with simi-
lar conditions, can be applied to a new area of extraction with slight modifica-
tions, depending on local conditions. The convergence rates measured at the
five salt mines indieate that there is 2 general consistency between the results,
The pillars at these mines are still standing, in some cases for over 70 years,
and there has been no major pillar failure. Consequently mines which have low
convergence rates could theoretically increase their exiraction, and hence pillar
stress, sothatthe convergence rates are comparable with other mines and still
retain stable pillars, However it would he unwise to extrapolate and try to predict
convergence rates for pillar stresses beyond the range of the measured results.

Appendix

Meadowbank Salt Mine, Imperial Chemiecal Industries, England

The Meadowbank mine 1&g situated in Cheshire and is the only operating
salt nine in the United Kingdom. The reddish brown salt deposit, situated in
the Keuper Marl formation, extends over a large portion of Cheshire and con-
glats of two main beds. The uppermost of these ig not worked, 1nining being
confined to the best quallty salt found in the bottom 20 ft of the 80-ft-thick lower
bed, some 470 ft below the surface, In the vicinity of the mine the sali beds are
almost horizontal,

A plan of the mine and a geological section of the strata 1s shown in
Figure 5. Mining cominenced in the centre panel over 100 years ago, leaving
irregular shaped pitlars at irregular intervals and taking between §0 and 90 per
cent extraction. The more recent west, north-west and east panels were mined
on a regular room-and-pillar basis teking 75 per cent extraction, A barrier
pillar approximately 400 ft wide was left between the centre and other paneis.
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Convergence meagurementa were Initlated by the mine during the early
1940'a, These and other types of measurements were expanded during the late
1950's when a research project was started with the Mining Department at New-
castle-upon-Tyne University.

Sifto Salt Mine, Domtar Chemicals Limited, Canada

The §ifto mine is located at Goderich, Ontario on the north-eastern rim
of the Michigan Bagin. The salt deposit which forms part of the Salina forma-
tion, extends over e large area of south-western Ontario and to the western bor-
der of Michigan 8tate. Although several salt beds are present at Goderich,
mining operations are confined to one of the lower beds of high quality salt ata
depth of 1, 760£ft. The bed in the vicinity of the mine is horizontal and is 80 ft
thick, of which the hottom 42 ft 18 mined. The salt is almost pure white with
small lateral dark bands of dolomite and anhydrite running through it at 3 to 8-
in. intervals.

A plan of the mine and a geologlical section of the strata is shown in Fig-
ure 6. Minlng commenced In 1960 on a regular room-and-pillar basis mining
rooms 60 ft wide, 42 ft high and leaving pillars 210 ft square, giving an extrac-
tion rate of approximately 40 per cent. Convergence measurements were Initi-
ated during 1962-63 by the Department of Minea and Technical Surveyes, Ottawa
in co-operation with the mine. These types of measurements were expanded
during 1966.

Qjilbway Salt Mine, Canadian Rock Salt Company, Canada

The QOjlbway mine is located near Windsor, Ontarlo, on the eastern
rim of the Michigan Baain, The salt deposit 18 In the same formatlon as that
at Goderich, but at Ojlbway one of the upper salt beds, at a depth of 950 ft 1s
mined. This bed is 27 ft thick of which 18 te 21 ft 18 mined leaving 6 ft of salt
in the roof. The bed is horizontal and the appearance of the salt is aimilar to
that at Goderich,

A partlal plan of the mine and a geological section of the atrata is shown
In Figure 7. Mining commenced in 1955 on a regular room-and-pillar baais,
At present pillaras 60 ft x 70 ft are left and rooms 50 ft wide and cross-cuts 30 ft
wide are mined. The overall percentage extraction in the panels 18 approxi-
mately 57 per cent, The mine installed one convergence station near to the
ghaft pillar during 1958,

Lyons Mine, The Carey Salt Company, Kansas, United States

The Lyons mine is located near the clty of Lyons, Kangas, The salt
beds which are part of the Wellington formation underlie central Kanaas, At
the Lyons mine there is 300 ft of nearly horizontal heds of selt, shale and anhy-
drite overlain by shales and occasional limestones. Mining is carried out at a
depth of 1,024 ft in one of the lower beda In the Welllngton formation, taking a
working helght of 12 ft and occaglonally 17 ft. The salt occura in relatively pure
layers one to aix in, thick, separaied by small clay and shale laminee, Above
and below the workings are shale beds several inches in thickness.
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A plan of part of the mine showing the locations of the convergence sta-
tions is shown in Figure 8. Mining commenced in the 1890's taking 60 to 70 per
cent extraction in the older parte of the mine and about 60 per cent in the Thore
recent workings. Production mining ceased in 1948 although the mine is atill
heing used as an experimental site for the disposal of radicactive waste, Con-
vergence measurements were started by the Oak Ridge National Laboratory
after 1959,

Hutchingon Mine, The Carey Salt Company, Kansas, Unlted States

The Hutchingon mine is located approximately 30 miles to the south-
east of the Lyons mine. The same salt formatlon is helng mined as at Lyons,
but the depth below surface is 650 ft,

A plan of the mine indicating the locations of the convergence statlons
is shown in Figure 9, Minlng commenced in the 1920's leaving long narrow pil-
lars in a numhber of panels and taking about 70 per cent extraction. More recent
panels were mined leaving square pillars and taking either 75 per cent or 80 per
cent extractlon, The working height varies from 6 ft In some panels to 10 ft or
12 ft in other panela. Convergence measurements were commenced during 1959
by Serata and the Oak Ridge National Laboratory.
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Figure 8. Partial plan of Lyons Mine, Kansas, showing locations of convergence
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IN SITU STRESSES ALONG THE
APPALACHIAN PIEDMONT

V.E. Hoaker* gnd C.F. Johnson*

Abstroct

The U,.S8. Bureau of Mines has used the borehole defor-
mation overcoring technique for measuring stresses in rock out-
crops and dimension stone quarries along the Appslachian Pled-
mont from Northern Vermont to Central Georgin, The date
ghow that Becondary principal stresges in a horizontal plane
near the surfaoe are compressive and are 500 to 4,000 psi,
Stresses were measured in granites, gneisses, diabases, and
dolomite,

fntroduction

The existence of high horizontal stresses in masaive rock formations
near the earth's surface haa been suspected and/or hypothesized by geologists
and geophysioists for more than a century. According to Bucher (2) tangential
oompresasion dominates the whole record of earth deformation and throughout
reoorded geologic history the earth’'s crust has been under tangential compres-
gion,

A review of geologlc literature conoerned with the Appalachisn Pied-
mont shows that many phenomena have been cbserved that could only be ac-
counted for by the existence of high horizantal stresses. For example, Dale (6)
observed vlaually the deformation of drill holes and the closing of channels in
dimension stone quarries and from this Information deduced that compressive

*Research geophysioist, Denver Mining Research Center, Bureau of Mines,
U.8. Department of the Interior, Denver, Colorado.
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stress in New England ranged from an east-west to a north-south direction.
White (20) reperted expansion cracks and rock bursts in the granite quarries at
Barre, Vermont. Lowry (10) reported the formation of expansion domes and
shear cones in the granite at Mt, Airy, North Carolina, Niles (14) observed
spontaneous fracturing of rock in a granite quarry near Monson, Massachusetts,
Some of this fracturing occurred with explosive force, causing dust and debris
to be thrown into the air, In one instance he reports that by using several
hundred wedges a hed of rock 354 ft long, 11 ft wide, and 3 ft in thickness was
freed from the rock masg except that it still remained firmly attached at one
cnd. Although no movement was perceptible, the corresponding halves of drill
holes revealed that 1-1/2 in. of expansion hed taken place over the total length
of 354 ft. E.C. Robertson of the U, 3, Geological Survey has attempted te use
atrain gauges to measure the changes in strain that occurred in a granite in
Massachugetts while the rock was being mined by wire sawing in place. The
attempts were not too successful,

The recent development of the borehole gauge has made possible the
cvaluation of underground and near-surface stresses. Underground measure-
ments have shown that abnormally high horizontal compressive stresses exist
in a limestone in Ohio (16), in Precambrian Proteroroic rocks and diabase
dykes at Elliot Lake, Ontario (4, 5}, and in other Precambrian rocks (15) in
Ontario, Canada. Since the overcoripg technique can readily be applied for
near-surface measurements, the Bureau of Mines has begun an investigation
into the nature and extent of near-surface horizontal stresa fields.

Stress relief measurements were obtained in vertical boreholes located
in dimension stone guarries or rock outcrops of granite, gneiss, diabase, and
dolomite. Drill holes ranged from 1-1/2 to 8 ft in depth. Some of the holes
were located on the surface of the rock mass and others in the bottom of dimen-
sion stone quarries which had been mined to & depth of 300 ft,

Test Sites

The test sites consisted of three cutcrops, 13 dimension stone quarries,
and onc shallow underground site. Test site areas are shown in Figure 1.
Rock outcrops which are badly weathcred and fractured are difficult to evaluate
as to the probsbility of obtaining stresses or reliable information. The three
outcrops selected for stress relicf measurcments showed some effects of
weathering. Ailthough mecrolractures can be seen in the overcores, the speci-
mens remained intact during the in situ overcoring and laboratory testing, Two
separate test holes were drilled approximately 200 £t apart in the same dolomite
outcrop near Proctor, Vermont.

A dome-shaped reck mass as reflected by the topography with hori-
zontal sheeling in which the shcets thicken downward has long been recognized
ag a phenomenon associated with high compressive strains (6, 20). This type
of sheeting was usually strongly developed in most of the granite and gneissic
rock masses, ‘The thickncss of sheets showed considerable variation, ranging
from gevecral inches at the surface to several feet or inore at depth. Sheeting
in the granite at the Oak Hill quarry in Massachusetts ig shown in Figure 2,
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Dimension gtone quarries are usually located In this type of structure
and provided test sites free of weathered and broken rock. Where possible,
more than one site was selected in an area to provide relative information re~
garding the effect of depth on the horizontal stress field, Figure 3 ia a typical
view of a deep quarry near Barre, Vermont., Stress relief measurements were
also madse in one underground gite near Tewksbury, Magssachusetta. Excessive
core hreakage was encountered over the first few feet of this hole owing to the
angle of foliation in the gneiss.

Stress relief sites at Mt. Afiry, North Carolina, were spaced over
about one-third of a mile. Some of the measurements were made pertaining
to an encloged fragment of pre-existing rock (a xenclith) which was exposed on
the surface of the quarry floor. The xenolith, which was approximately 5 ft
dlameter and 1-1/2-ft-thick, is shown in Figure 4,

The initial measurements at the Rapidan, Virginia, test site were
made In October 1965, The quarry was relatively new, hawing just been started.
On May 29, 1966, an earthquake of Richter magnitude 4.5 was recorded with
the epicenter located just 50 miles south-east of this site. To enhance our
knowledge of the nature of these near~surface stresses, a second set of streass
relief measurements was made in August 1966, The iwo sets of measurements
were made in holes Iocated 3 fi apart In the quarry where the existing stress
field was probably not influenced by mining during the time between measure-
ments. A vertical view aof these hole locations is shown in Figure 5.

Test holes In quarries were located to minimize effects of stress con-
centrations. Surface holes near the quarries were located at least one dia-
meter of the mined opening away from the quarry. Holes In quarry ficors
were located away from corners and other probable stress—concentrated areas.
All of the boreholes were located on a relatively large free surface so that any
vertical component of stress should be near zerc. The calculated stresses
are thuse representative of those existing in the horizontal plane of measurement,

Instrumentation ond Experimental Procedure

Measurements were made at each test site using the overcoring stress
rellef technique. The changes in borehole diameter were meapured with
Bureau of Mines single-component and three~component deformation gauges (18).
Either gauge fits into a 1-1/2-in, gauge hole and offers negligible resistance to
borehole deformations. The gauge pensitivities range from & to 10 microinches.
The drill used for most of the tests is shown at a typical outcrop setup in
Figure 6. The drill is skid-mounted and could be detached from the truck and
lowered by boom to the floor of dimension stone quarries which were not ac-
ceagsibie by road.

The overcoring procedure for obtaining the borehole deformations was
esgentially the same as that deseribed in detail by others (4, 8, 12, 13}, Only
minor pdjustments in this procedure were made when applying it to near-surface
measurements. Since the borehole gauge was normally lying in the sun or on a
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hot rock surface, care had to be taken to allow ample time for temperature
equilibrium to be reached as indicated by zero drift on the strain gauge indicator.
In some instances it was necessary to continue drilling until the overcoring was
2-1/2 to 3 in. beyond the point where the piston of the gauge was in contact with
the rock before complete relief was accomplished, Although the three separate
measurements with a single-component gauge were made over a distance of 12

to 18 in., they were considered to be in the same plane for calculation purposes.
The overcored rock in each hole was broken loose and returned to the laboratory
for teating.

The modulus of elasticity was determined in the laboratory from the
overcored rock samples taken from each test site. Samples were prepared for
testing in a triaxial device described in detail by Obert (17}). A borehole gauge
was ingerted into the test specimen and oriented to the corresponding direction
in which the in situ deformation was measured, The overcore was then subject-
ed to a laterel pressure on the cuter boundary, causing a greater borehole de-
formation than the in situ recorded value. After three cycles, the stress-
deformation date were recorded. This procedure was repeated for each of the
orientations from which In situ borehole deformations were obtrined,

The resulting stress—deformaticn curves were mostly nonlinear and
showed hysteresis, For the specific triaxial cell used, the minimum axial load
that could sefely be used with radial lords corresponded to an axial stress, oy,
of 1,000 psi. A typical curve is shown in Figure 7. Since overcoring com-
pletely relievep the rock from g stressed condition, the secant moduli are be-
lieved to be the most representative of this effect. Secant moduli were calcu-
lated from the equation {17)

E = 4% 1
(b2 ~a2) U
where E = modulus of elasticity, psi,
a = radius of hole in gpecimen, inchepg,
b = outer radius of specimen, inches,
U = in gitu borebole deformation,

and p. = latsral pressure from the unloading curve at the in situ deformation
value.

An arithmetic average secant modulus was caloulated from the three moduli
obtained from each rock type.
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The secondary* principal stressed, P and @ in the horizontal plane,
were calculated using the plane stress equations for an 1gotropic, homogeneous
medium for a 6{° rosette and average secant modulus (11):

P+Q= E (uy+ U, + Uy, ceene 2
%) {Up +Ug +Ug)
P-Q= EE‘/E[(Ul—U2)2+(U2-U3)2+(U1—U3)2 ]1/2. ceea. 8
and tenzd - Y8 (U2-Ud "
20y - Uz - U3
where d = diameter of the borehole
d = the angle from Uy to P measured counterclockwise as

poeitive, and Uy, Ug, Ug = deformation of borehole acrogs diameters 60° apart,
Summuary of Shress Data

Data from the present investigation are given in Taeble 1, The stress
magnitudes and directione vary considerably along the Appalachian Pledmont;
however, horizontal atresses were found to exist in all rock types tested.
Measurements at Barre, Vermont, West Chelmsford, Massachusetts, and
Tewksbury, Massachusetts, indicate that increase in horizountal stresses with
depth is much greater than expected from overburden pressure and any stress
concentration because of the quarry configuration, This increase in stress
with depth agrees with the date glven at the end of the table which were previ-
ously obtained in rock masses In Georgia, The largest streases were obtained
in the Fletcher quarry floor which was approximately 250 ft below the original
surface of the rock mass.

The maximum stresses at the Mi. Airy, North Carclina, site range
from gbout 1,650 to 4, 000 psi, compressive, over the total quarry surface area
meagured., Yet the divection of P seema fairly consistent for all of the mea-
surement8. The calculated stresses in the xenolith are not significantly dif-
ferent in either magnitude or direction from those exigting in the enclosing
granite.

Data obtained at Rapidan, Virginia, 10 monthe apart indicate that
changes in siress conditions took place during this period, The ratlo P/Q
changed significantly, The average ground stress (P+Q)/2, also increased 59
per cent. Comparison of the data from thig test site, which were obtained by
both single- and three—component borehole deformation gauges, shows that in
competent rock such ge this the measurements with either gauge are equally re-
liable. The most recent measurements, from 2 ft to nearly 5 ft, indicate a

*The term "secondary" i@ used since 7., and 7, are not necessarily equal to
Zzero.
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slight decrease in the horizontal stress field with depth. This suggests the
poasibility that rock temperature may be influencing these relative measure-
ments, thus overcompenssating for an increase in magnitude expected with depth,

Effect of Temperoture

Rock temperature data have been given by Forbes (7) in which seasonal
variations were recorded in a traprock near Edinburgh, Scotland, at deptha of
3, 6, 12, and 24 ft along with the corresponding air temperatures measgured 6
in. above the surface. Temperature variations at 48 ft are usually not detect-
able, To evaluate the effect of temperature variation with time and depth of
measurement, the graph shown in Figure 8 was plotted from the original rock
temperature data. The four curves shown represent the maximum (70° F),
minimum (30° F}, fall (55° F), and spring (55° F) air temperatures. The maxi-
mum and minimum curves show that at a depth of 1 ft a 19 variation in rock
temperature ¢an oceur,

According to the U, S. Weather Bureau the average mean temperature
in Richmend, Virginia, was 56° F in Octoher 1965 and 78° F in August 1966,
Both of these dates are in the post-heating cycle time of year, Through the
use of additionel data (3, 7}, representative rock temperature valuea were ob-
tained for these corresponding air temperatures. These data are shown plotted
in Figure 8 and indicate a 4° F rock temperature variation at 1 ft.

The change in rock stress due to a change in rock temperature can be
calculated from Equation 5,

a.E('I‘l - T:}
h = —_—— e 5
1-v

horizontal aetress because of temperature change,

where @

o = thermal coefficient of expansien for rock,
TyT. = temperature change, degrees F,
and v = Poisson's ratio,

Uging the thermal coefficient of expansion for diabase {1} and a modu~
lus of elasticity cf 8.74 x 106 psi, the calculated increase in stress hecause of
temperature variation should he mhout 260 psi for the measurements chiained
in August 1966 as compared with thoge obtained in October 1965. Further cal-
culations show that changes in rock stress could he more than 1,000 psj for a
maximum rock {emperature change of 19° F near the surface,
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Caleulated stresses and directions from deta which were obtained in
holes using only the single-component gauge are valid since thege measure-
ments were made where the local near-surface rock ternperature gradient was
near zero, Comparative deformation data were obtained with the three-com-
ponent gauge in several holes which were drilled when local tempersature vari-
aticns would have influenced the near-surface stress gradient.

Conclusions

The calculated stresses given in the report are compressive and range
from 500 to 4,000 psi. Compressive siresses were found to exist in sediment-
ary, metamorphic, and granite rocks of Paleczoic and Triassic Age, No
measurement of tensile horizontsl stress was obtained during thia series of
tests, These data, along with those of others, are compatible with theories
of tangential compression in the earth's crust for the areas deacribed In this
report. On the basis of these data, compressive stresses mey be expected to
be found in any competent rock in which the stresses can be contained.

If a condition of stress equilibrium is assumed for an isotropic, homo~
geneous mantle under tangential compression, the horizontal compressive
siresses would be expected to be nearly equal in sll directions, The date ghow
that most of the stresses determined along the Appalachian Piedmont are of an
unequal bigxial nature. In addition, for a given area, significant variations in
stresa directions were found, These facts may indicate that the magnitudes
and directions of horizoutal stresses are aubject to local variations because of
structural or anisotropic anomalies,

Seasonal and diurnal rock temperature variations can be significant,
and in the future all near-surface stress relief meagurements must take into
account the changes In stress magnitudes because of these variations,

At the Rapidan, Virglnia, site, however, the effect of temperature
does not account for the total increase In stress magnitude or for the change in
the state of stress from an unequal hiaxial stress field to a nearly equal biaxial
stress field, It cannot be determined from thege data whether the earthquake
waa a contributing fector to these changes.
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STRESS CHANGES DURING UNDERCUTTING FOR
BLOCK CAYING AT THE GRANGESBERG MINE

J. HultT ond H.W. Lindhoim?2

Abstract

The changes in rock pressure have been continuously
rcecorded at a sile below the proceeding undercut during a block
caving operation. The purpose waa to test the long term stability
of a new simple rock pressure gauge and to stwly the stresses
induced by such a large scale underground process, The results
indicate that the gauge was intact during all the 14 months of the
test, and that the recorded stress history agrees well with theo-
rctical results, based on the theory of elasticity.

fatroduction

The continued increase in depths of mining is creating a growing need
of knowledge regarding rock pressure. BSeveral field studies have already been
performed, Hast (2), Leeman (5), which show that measured rock pressure
data may deviate considersably from those obtained by theoretical analysis.
This discrepancy may be attributed to two main reasons:

1, The analysis is usually based on simplifying assumptions, such as isotropy
and homogcneity of the rock material, in order to make posgible a quanti-
tative estimate of the stresses.

2. A regionsl, often horizontal, rock pressure component is sometimes pre-
gent, which may not be determined from an analytical study, ultimately at—
tributing rock pressure to gravitational forces. It may then be concluded
that field measurements will continue to be the main source of knowledge
rcgarding reck pressure for a long time to come,

1Cha]me1-%_University of Technology, Gothenburg, Sweden.
2Gringesberg Mine, Sweden.
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The various special requirements to be fulfilled by rock pressure
gauges depend on the intended use, of. Hult, Kvapil and Sundkvist (3). Irre-
spective of this some general requirements may be stated. The gauges should
be mechanically robust, and their zero drift should be kept within prescribed
limits.

The design should be such that all the equipment and necessary tools
may be carried by hand in the inine drifts. Full protection agalnst moisture
and corrosive atmosphere must be ensured, It is an advantage if the gauge
may be used in conjunction with commercially available standard electronic
equipment, and if the cost of the gauges in particular is kept low. The large
scale meagurements, which are necessary in order to get a complete picture
of the stress field In a mine, do necessarily require a pressure gauge and a
measuring technique, which are much simpler and legs costly than many of
those used so far in various research projects.

The question of long term stability of rock pressure gauges is of sec-
ondary importance in the overcoring method, where a stress change is record-
ed during a rather short interval of time, In certain cases, however, it is
desirable to follow the consecutive changes in rock pressure at certain fixed
points in a mine, This inay of course be done by repeated use of the overcoring
technique, but the cost would then soon become prohibitive.

In addition the various overcoring measurements would have to be per-
formed at different gites in the area of Interest. Since the required minimum
distance between two such sites is of the order of one metre {3 ), one cannot
guarantee that the same rock pressure is measured in all instances. A much
simpler way ia to insert pressure gauges in boreholes at the poinie of interest
and then read these gauges at conseculive intervals. Such measurements re-
veal the changes in rock pressure occurring atthe site, but do not disclose the
absolute magnitude of the rock pressure, The latier may, however, be deter-
mined after termination of measurement program by overcoring the gauge as
a final step.

It is obvious that this type of continuous stresa recording is preferable
compared to repeated overcoring., The number of error sources is much less
and the total cost of the whole program is considerably smaller,

A case where rock pressure changes are of main interest is when
mining is performed by means of block caving. Here large changes in rock
preasure are actually aimed at, and further development of this technique would
therefore be facilitated by detailed knowledge of how the stress pattern develops.

A joint research program, established between the Gridngesberg Com-
pany and the Chalmers Institute of Technology, was directed towards the
development of a simple rock pressure gauge intended for long term record-
ings. Field tests were to be carried out in conjuction with a block caving
operation in the Grangesberg nine.
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Rock Pressure Gauge

A ring type transducer gauge, cf. Griswold (1) or Leeman {5), wasg
chosen to be used on account of its simplicity and high sensitivity. Steel rings
were designed to fit into 4 40 mm diam borehole, and each ring carried four
micro-type foll resistance gauges, as shown in Figure 1. In order fo simplify
the design as far as possible the gauges were not placed in a housing, but were
mounted directly in the borehole by means of a gpecial detractable tool, The
bottom 100 mm of the horehole were ground to conical shape by means of a
diamond reamer. Three gauges werc then inserted Into thisg part, and their
measuring axes were arranged at 60° intervals, The required pre-load was
achieved by pushing each gauge sufficiently far down the ceonical part; the mea-
suring bridge, type Peekel B 103 U, was connccted to the gauge leads all during
this operation,

Before the field tests took place, the gauges had been calibrated in a
rock prism loaded in a hydraulic preas. Simultaneocus readings of compressive
load and bridge strain indication had shown a linear relationship in the whole
range of interest, Hence a constant gauge factor was determined for each
gauge, which would translate the bridge strain reading inte rock pressure in
the field tests.

The gauges were sealed against moisture by means of a preparation
trade-marked "Bostik", which was genercusly applied to the foil gauges as well
as to the leada,

Site of Measyrement

The orebody at Grangesberg has the shape of a lens with the total
length of 1,500 m. The dip angle is 65-70°.

About 2/3 of the orebody is mined by block caving in one continuous
block. The average width is 50 m; maximum 100 m and minimum 25 m. A
length section is shown in Figure 2. The height of the block is 45 m, see
eross-gection In Figure 3. The plan of the loading level 18 shown in Figure 4.

From a drift in the footwall cross-cuis are made at every 16th m. In
these there are loading points at every 8th m. These funnel-shaped craters
emerge into cross-cuts situated 5 m above. These are used for undercutting
operation. In Fipure 5 the exact situation of the cross-cuts is shown as well
as the drilling plan for the undercutting, The distance between each row is
1.25 m, the angle 80°, Two or three rows are blasted aimultaneously.

A plan of the undercutting level is shown in Figure 6, The front line
is.kept at an angle of about 45° to the horizontal main axis of the lens. The
undercutting starts in the middle of the ore body and proceeds towards the ends.

It may be added that the undercutting starts at the hangingwall at a
narrow magazine running along the hangingwall. This magazine is 15 m high
and 2.5 m wide,

157

96038—11



Three gauges were inserted on May 30th, 1963, ata depth of ca 2.5 m
in the borehole shown in Figures 4, & and 6.

Measurement Program; Results

The gauges were read at continuous intervals all during the undercutting
operation, which continued for 14 months, The horizontal distance b between
the edge of the cut, first approaching and then leaving the site of measurement,
was recorded simultaneously, cf, Figure 12. In Figures 7, 8 and 9 is shown
the recorded variation in the gauge readings. Figure 10 shows the estimated
variation of the distance b during the six months which were most relevant in
the tegt.

It i8 seen that pauge No. 1, which was oriented in a vertical direction,
indicated a continuously increasing vertical pressure around thc borehole as
the undercutting edge was approaching, A sharp maximwn was reached when
the edge was just above the gauge; then the pressure fell very sharply. This
development is at least qualitatively in agreement with the prediction of a
gimple thecretical argument. The three pictures in Figure 11 show the verti-
cal pressurc field lines at the beginning, the middle, and the end of the under-
cutting operation. The sharp rise in vertical pressure is an obvious result of
the stress concentration in front of the moving edge.

The two other gauges, marked No, 2 and No, 3, show only a slight
change in reading during the phase of interest. This tends to indicate that the
direction of the rock pressure change induced by the undercutting operation is
essentially vertical, A purely vertical pressure gives rise to such a change
in the borehole cross-section, that the diameters in the + 60° directions remain
unchanged,

For a quantitative judgment of the recorded data a theoretieal analysis
of the stress field around a propagating edge is requircd.

Theoretical Analysis

The following problem will be analyzed, cf, Figure 12, An infinitely
extended elastic medium carries a uniform uniaxial pressure p. A rectangular
coordinate frame Oxy is located with Oy parallel to p, and G denotes a fixed
point {correaponding to location of gauge} with coordinates x=¢, y =d., Start-
ing at a certain time a slot is being cut with infinite extension perpendicularly
to the Oxy-plane, The width of the slot, denoted 2a, increases continuously,
while one edge, located at 0, is held fixed. The problem is to determine the
stress -9y at G, corresponding to the pressure recorded by gauge No, 1.

The slot may be regarded as an ellipsoidal contour, where the minor

axis is zero. The stress field around such an opening, first determined by
Inglis {4), may be found in the standard literature on elagticity, ¢.g., Savin(7).
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There results
-o'y/p=Re {(z—u}/Vz(z—2a}} veensl

where z = x + iy and Te denotes "'the real part of™.
Introducing here

f = d/e, € = ajc R -

the expression 1 takes the form

ztdy/p)2=]_+§2(1_2e -82) / f(i-2e +822 46202 b+

" {{1_5]2 ¥ 92}/\/(1_2e+82)2 + 46232 I

Here ¢ is a dimensionless measure of the slot width, such that ¢ = 1/2 denotes
the case when the moving edge is exactly above G. A plot of - Gy/p versus €
for & = 0,004, which corredponds to the location of G in the field test, is shown
in Figure 13 as the dotted curve, The full curve is 2 replot of Figure 7, and

it ia obgerved that the two curves agree fairly well in shape. As to the magni-
tude of the pressure the following estimate may he made,

The maximum pressure at the gauge point, as found from Equation 4,
is very closely equal to 2p. When ¢ increases beyond 1/2, the pressure - ¢
decreases very rapidly, when # << 1, The change in ¢ _ from e =0to e =1
is closely equal to the presgure p, i.e,, the undercutting operation causes an
almost total deloading of the gauge, The recorded change in ¢y a8 shown in
Figure 7 is approximately 130 kg/cmz. In case of vertical principal stress
direction such a pressure at the 345 m level would correspond to an average
dengity of the rock and ore material amounting to 3,75 kg/de. This figure is
slightly higher than the real density at Gringesberg, but the discrepancy is not
too large.

Finally it should be mentioned that observations similar to those re-
ported here have in the meantime been reported by Morrill and Johnson {6)
aftcr field studies at the San Manucl copper mine in Arizona.
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FIELD BLASTING STUDIES

G.E, Lorocquel, K. Sasso2, J.A, Dorling 3, ond D.F, Coates4

Abstract

Field experiments have been conducted to provide infor-
mation on the ground motion resulting from detonation of explo-
sive charges in the equivalent of a continuous elastic medium.
Such experiments have been completed for two types of explosive
placed in a magnetite rock mass. The instrumentation used in
these experiments, to sense and record ground motion, is de-
scribed. The method used to measure detonation velocity of
the explosive chargea is outlined and a description of the two
explosives used i given., Laboratory experiments of the
‘Hopkinson Bar' type were carried out to determine the dyna-
mic tensile strength of the rock material involved in the field
experiments.

A brief description ia given of a previcusly reported
method of analysis which was used, in conjunction with the field
data, to determine the stress distributions surrounding the ex-
plosive charges with or without the presence of a free face.
The resulta of thia analysis have been applied with a tenaile
strength fallure criterion to predict crater dimensions. Initial
agreement has heen found to be good between predicted and
actual craters.

U . .
'“Regearch Scientists and 4Head, Mining Regearch Laboratories, Fuels and
Mining Practice Division, Mines Branch, Department of Energy., Mines and.
Resources, Ottawa, Canada,

2

Department of Mineral Science and Technology, Kyoto Unive_rs-ity, Kyoto,

Japan; former Natlonal Research Council of Canada Research Fellow at the
Mining Research Laboratories, Mines Branch, Ottawa, 1963-65,
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Extending this method of stress analysis to column
charges, the direct stress distributions in the vicinity of
detonating column charges have been determined. It was
found that two-peint simultaneous detonation is preferable
to single-point bottem detonation, if uniform pesk stress
along the length of a colurnn charge is desired.

Introduction

The currcnt blasting research project at the Mining Research Labora-
teries wasg initiated for the purpose of studying the (ransmission of explosive
energy into hard rock. One of the initial objectives was to establish a means of
predicting craters, or the boundaries of broken rock, based upon the properties
of the rock and explosive. With satisfactory agreement, it was then anticipated
that improvements could be made in predicting ground shock occurring at ranges
beyond the crater and also in designing industrial blasts.

The procedure followed has been fo select a failure criterion for the
rock material and to establish a method for determining the stress distribution
resulting from detonation of & contained explosive charge. Field and laboratory
experiments were carried out to determine rock and explosive propertics re-
quired for such an analysis.

In the field, the dynamic properties of the rock mass were determined
from experiments with explosives in a configuration equivalent to an infinite
mass. These dynamic properties included the attenuation indices of particle
velocity and displacement, the intercept values (i,e., at a unit distance) of
particle velocity and displacement, the shape of the waves transmitted into the
rock and carried by it out to various ranges, and the P-wave and 8-wavevelo-
cities.

The dynamic tensile strength of the rock was determined by laboratory
experiments,

After establishing the method of analysis for a spherical charge, &
method wasg developed to simulate the stress distribution resulting from a
columnn charge. This method of analysis has been used to compare two modes
of detenating a column charge.

Field Experiments

Data Required from Field Experiments

The stress distribution resulting from detonation of a contained charge
wasg calculated by superposition, with a computer program, of the stresses
caused by three transient stress waves: the direct dilatational wave, the re-
flected dilatational wave, and the shear wave reflected from the free face. The
parameters characterizing a particular explosive and rock combination required
for use in this program appear as headings in Table 1. The values cbtained
from two rock-explosive combinations are listed inthe table, Crafer dimensicns
for specified explosive charge weights were also required, to detcrmine whether
the boundaries of broken rock could be predicted onthe basis of the proposed analyses .

170



TABLE 1

Table of Rock Constanta for Stress Computation

Explosive C1,(m/8) Cp(m/s) pig/emd) Ag(em) B, (em/8)
Geogel 60% ) 5
(3,400 g) 6,400 3,420 1.5 40,3 3,36 x 10

Cilgel B T0%
6,400 3,420 1.2 . 9
(2,950 g) 42 19.5 1.36)(10
Exploslve n m 1 v
Geogel 60%,
(3,400 g) 1.4 1.4 1.0 1,0
Ciligel B 70%
(2,950 g) 1.3 1.3 1.0 1.0

Derived Rock Congtants:

Lamé's constants A = 6,25 x 1011 dyne/cmz,
and u = 4.15 x 1011 dyne/em?,
1 = 11 2 _ [§] 2
Young's modulus (E) = 10, 6 x 10-dynefem® = 1,1 x 10° kg/em*,

Poigson's ratio {v} = 0.30.

Glossary of Symbols:

Cr

Cr

1

dilatational wave velocity.

- shear wave velocity.
- density.
~ peak displacement intercept value at equivalent charge radius.

- peak particle velocity intercept value at equivalent charge

radius.

- exponent of power law relationship describing pcak dilatational

wavce displacement attenuation with distance,

- exponent of power law relationship describing peak dilatational

wave particle velocity attenuation with distance.

- gimilar to n but for a shear wave,

- gimilar to m but for a shear wave,
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Description of Field Experiments

Three distinet field experiments were carried out to obtain the required
data: two array arrangements and a series of crater teats. A normal linear
array was used to determine all factors with the exception of:, 1+, and CT. A
non-linear array was used to determine the factorsi, and Cr.

The Linear Array

Figure 1 ie an idealized section of the linear array, showing the gauge
and shot holes. All gauge holes were located In the same plane, approximately
28 ftbelow surface., The shot holes were drilled approximately 2 fideeper. This
was done to allow two shots to be fired in one shot hole; for the secand shot
the hole was filled with tamping sand, to a level 3 ft above the original depth,
before the charge was placed. BSince it wag required that the path between the
sbot and gauge holes be unobstructed by other shot heles, the shot heoles were
drilled toward the gauge holes as the experiment progressed. W and E refer to
shot holes drilled to the west and east of the linear array gauge holes, The bot-
toms of all shot and gauge heoles were aceurately located by survey for the exact
determination of the distances between explosive charges and accelerometers.
Accelerometers were used as sensing devicca in all gauge holes,

With the exception of +,v and Cp, parameters in Table 1 were deter-
mined from acceleration waveforms of the direct dilatational wave, measured
at the gauge holes in the linear array experiment. The depths of the shot and
gauge holes were selected to allow, under the worst conditions, 3.0 millisees
before the shear wave reflected from the surface would interfere with the direct
dilatational wave belng sensed at the gauge holes., While the reflected dilata-
tional wave in these experiments arrived at the sensing elements within 3,5
millisecs of the arrival of the direct dilatational wave, its contribution was con-
sidered negligible.

Shear Array

Figure 2 is a plan diagram of the shear array. In this experiment
some AX gauge and shot holes of the linear array experiment were used as
gauge holes. A shot hole, G6, 10 ft in depth was offset from G5 and the line
of the gauge holes by 3 ft, This provided transmission paths between shot and
gauge holes which were independent of other gauge holes. 8Sensing devices, for
this experiment, were installed In the same plane as the bottom of the shot hole.

Crater Studies

¥or the crater studies, shot holes were driiled to the required over-
burden depth W at an angle of 45° to the free face. It had been planned to use
HM holes In this part of the fleld project, and the same charge weighis as used
in the linear array, The diamond drilling machine, however, was incapable of
driiling the necessary holes at a 45° angle to the surface. Ultimately, an air
track drill was used to provide 3 in. diam shot boles. The explosive charges
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maintained the original geometrical length~to-diameter ratio used in the linear
array, Initially, the critical depths for the two explosives were determined,
This was followed by the production of a set of cratera,

Sensing Devices

Accelerometers and Mounting Assemblies

Accelerometers were used as sensing devices in hoth types of array ex—
periments, From the recorded acceleration records, the various parameters
required from the field experiments were determined. Endevco 2231 accelero-
meters were used in the linear array, and Clevite 25D21 in the shear array.
Their pertinent characteristics under the conditions used are given in Table 2.

TAEBLE 2

General Characteristics of Accelerometers Used in
Field Experiment

Voltage Capacity Frequency Cross Peak

Sensitivity Resaponse Sensitivity Shock
Endeveo 2221 |10pk-mv/pk-g { 1000 pf 5eps - 10ke 3% 16,000 g
Clevite 25D21 |25pk-mv/pk-g | 1300 pf leps - 6ke 3%, 10,000 g

The mounting assembly used to wedge the accelerometers in plave is
shown in Flgure 3A; Figure 3B 1g an idealized sectlon diagram of the mounting
assembly. Anhydraulic hand pump, on surface, was used to force the accelero-
meter mount in place, Extension of the hydraulic piston spreads the tapered
half-sleeves, binding the unit against the walls of the drill hole, A pressure of
2,000 psi wasused to wedge the accelerometer units in place.

The accelerometer sleeves and wedges were made of aluminum to pro-
vide an approximate acoustical match between the asccelerometers and rock
mass, For the linear array experiments the accelerometers were mounted in
wells in the wedges with thelr sensitive directlon perpendicular to the main axis
of the accelerometer mount, For the shear array experimenis, the accelero-
meters were mounted in the wells with their sensitive axis parallel to the main
axis of the accelerometer mount assembly,

Explosive Probe end Constant Current Supply

An explosive probe was used in the linear array experiment, It provid-
ed, for recording purposes, a trigger pulse at the beginning of explosive deto-
nation and a voltage step waveform from which detonation velocity of the explo~
sives could be determined. A constant current supply was used in conjunction
with the current probe section of the explosive probe, to provide voltage step
waveforms, The current probe consisted of a chain of 22 ohm 1/2 watt resistors,
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spaced 1 in, apart along the axis of the explosive prohe, wrapped in a brass foil,
The trigger probe, of the ion gap typc, consisted of two insulated open cnded
wires running to the tip of the unit,

Originally the registance chain was not sheathed. Laboratory experi-
ments, however, indicated that the variatlon in conductivity in the detonation
reglon was such as to producc "noisy" records. The brass foil, which vapor-
1zes as the detonation wave passes, provides essentially a dead short. Figure
4 illustrates the effect of the addition of the foil, and a typical field record is
shown. The small indentations in step waveforms results from passege of the
detonation zone over a resistor.

Electronic Equipment

Description of Recording Equipment

Consistent with the depth of burial, every accelercmeter was termina-
ted in a cathode follower with the shortest possible length of cable between the
accelerometer and cathode follower. For this purpose, the Endevco 2608 cathode
followers used were mounted on insulated boards in weatherproof boxes. A
series of potted high—quality capacitors is econtiained in each of these boxes for
the purpose of changing accelerometer voltage sensitivity.

Figure 5 i8 a block diagram of the recording system, The recording
apparatus in operation is entirely controlled by a 10-second, "one cycle and
gtop” timer, initiated hy a momentary closing of a push-hutton contact,

At the beginning of a cycle, the tape recorder ig placed in the record
mede in order to provide the 4 seconds required for the tape transport to reach
60 ips, Two seconds later the paper transport of the paper oscillograph unit is
started. At 4-1/2 seconds after the cycle has started, the detonator is fired by
a cam on the one-cycle timer, From 0 to 8 seconds after the start of the cycle
the firing pulse, trigger pulse and output of five accelerometers are recorded by
the seven—channel tape recorder, REight seconds after the starti of the cycle, the
timing and switching unite transfer all seven inputs of the tape recorder to an
oscillator which gupplies a known amplitude, kmown frequency sinewave voltage
1o all seven chaunels. Shortly before the end of a cycle the switching unit is re-
turned to its original condition, the tape recorder is stopped, and the transport
of the paper tape is turned off,

Only four galvenometers were availahle for use with the paper oscillo-
graph unit., They were used to provide instant records of the output of three of
the accelerometers, and the trigger pulse as recorded by the F. M. recorder.

In this way, immediate assessment was made of the record resulting from a
particular test shot. Thus, in this application the paper oscillegraph has func-
tioned as a monitoring unit; possessing only a 0-5 kc bandwidth, the galvano-
meters were incapable of reproducing with fidelity the output of the tape channels.
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Prior to a fieid test shot, a dummy run of the entire recording equip-
ment wag made by disconnecting the detonator circuit. The paper tape record
provided a quick check on the operational condition of the equipment.

The detonation velocity of the explosive of each test shot was determined
by insertion of a current probe., The characteristic voltage step waveform of
this probe was photographed for each test shot hy means of an oseilloscope and
attached camera.

Certain safety features were built into the recording equipment. A
safety plug must be inserted into the tlmer panel before the detonator is connected
to the firlng circuit, and the current probe to the constant camera supply. To
make firing of the explosive a deliberate act, a normally open push-button must
be held down during the eycle if the explosive is to be detonated.

Information Playback Procedure

The purpose of the trigger pulse on one of the channels of the tape record-
er wasg to provide, on playback, an external trigger to the oscilloscope, The fir-
ing pulsc, also recorded by the tape recorder, supplied an alternate signal for
external triggering of the oscilloscope.

On playback the outputs of the accelerometers were analyzed one at a
time., For this purpose a Tektronlx Model 555 oscilloscope was equipped with a
type-0 operational preainplifier, a type-C.A preamplifier, and an oscilloscope
camera, Inillally the acceleration waveform and the particle velocity waveform
were reproduced, using one integrator of the type~O operational ampllfier., This
was followed by reproduction of the calibration sinusoldal waveforms appended on
the tape at the ond of a test shot. In subsequent reruns of the tapes, hy double
integration the particle displacement records and calibration voltage records were
produced. These displacement records were accompanied by repeat particle vel-
ocity records.

Explosives and Shear Wave Generation

Selection of Explogives

Two explosives were required for the field program with a low and a
high detonation velocity. It was necessary for these explosives to be sufficiently
plastic to be famped in place and to function after submersion in water for short
periods. It was also essential that they initiate without the need of booster and
reach ldeal detonation velocity shortly after initiation. The two explosives that
were selected as meeting these requirements were Geogel 60% and Cilgel B 70%,

Geogel 60%, in comrnon with other similar straight gelating designed
for seismic prospecting, is efficiently and reliably detonated under much more
extremne conditions than were anticipated with a No. B blasting cap and has a
velocity of approximately 6,500 metres/sec. In addition, it is waterproof and
highly plastic, Cilgel B 70%, one of the more plastic ammonia semi-gelatine
with a velocity ofdetonation ofabout 4, 000 metres/sec, is water-resistant,
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Table 3 summarizes the pertinent physical properties of Geogel 60% and
Cilgel B 70%. Some of the daia therein were caleulated from data made avail-
able by the manufacturer. Pressure and velocity data were obfained from labo-
ratory experiments.

TABLE 3

Selected Properties of Geogel 60% and Cilgel B 70%

Geogel 60% Cilgel B 70%
Density
a) g/1-1/4 in, cartridge 242 203
b) g/ml {calculated) 1,5 1.2
¢} g/ml (bulk tamped) 1.3 1.0
Physical Texture Plastic Plastic
Gelatin Semi-gelatin
Water Resistance Excellent Fair
Power = (Function of Energy x Function
of Gas Vol,}
a) g TNT/g 0,96 1.12
b} g TNT/mi 1,45 1.42
Detonation Velocity - metres/sec 6,500 4,000
Detonation Pressure - kilobars 170* 8T*

*Determined by aquarium tests.

Shear Wave Generation

Two methods were used to develop a disturbance containing a shear
wave; both involved impacting the hottom of the shear array shot hole, One
method was to place a No, 8 defonator, housed in a protective caging with an
open end, in contact with the bottom of the shot hole and detonate, The second
method invelved a gun, mountedtoan aluminum conduit, which was used to
impact the bottom of the shot hole with a 45~calibre lead bullet, With both meth-
odg a thin insuleted wire, broken by detonation of the cap or passage of the bullet
in the vicinity of the bottom of the shot hole, was used to produce a trigger,

Field Experiment Results

The resulis of the field cxperiments have been summarized in a number
of graphs and tables. In Table 1, much of the numerical information required in
the stress analysis methods employed is presented in a concise manner. Numer-
ical information coneerning normaiized particle velocity and displacement wave
shapes was excluded for the sake of brevity.
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In Table 4, statistics concerning the various cxplosive charges are pre-
sented, It is evident from this table that some failures of the explosive probe did
oceur, with loss of velocity records, The design was subsequently rectified (1).

In Table 5, the average rock density arrived at from density determi-
nations on ore samples from the gauge holes is glven. Samples for density de-
terminations were concentrated In two horizons: the 10-ft horizon where shear
measurements were made, and the horizon where the direct P seccelerometers
were lnstalled.

In Table 6 the average dilataticnal wave velocity of the orebody is given,
The acecleration records of gauge holes G1 and G5 from a number of test shots
were used in the detcrmination of dilatational wave velocity. These records, all
time-referenced to the explosive trigger prohe, provided a means of determining
lrangit time over a known path length.

In Table 7 the average shear wave velocity of the orebody ig given,
Acceleration records made 88 part of the shear array experiment were used in
the determination, A procedure gimilar to that used in the determlnation of
dilatational wave velocity was used, with gauges placed in the shot holes Wl and
Wo.

In this paper, the wave shape data presented are limited to those result-
ing from east gide HM Geogel 60% and Cilgel B 70%. Complete stress analygis
has been limited to east side HM Geogel 60%. Figures 6 and 7 are logarithmic
plots of maximum particle velocity and displacement against scaled distance, for
eagt gide HM Geogel 60% and Cilgel B 70%. Besides providing for the analygis-
required numerical values, these plots are a field confirmation of the power law
rclationghips that were earlier assumed to describe the attenuation of the peak
valueg of particle velocity and displacement with distance.

Figure 8 shows typical oscillograme reproduced from tape recordings.
From these records, the smoothed normalized particle velocity and displace-
inent wave ghapes shown In Figures 9 and 10 were produced., Reduced to numer-
ical form, the information concerning particle velocity and displaceinent wave
shape contained in Figure 9 was used In the present stress analyses, Figure 11
ig a logarithmic plot of peak shear particle velocity againgt scaled distance.
Only two of the five gauges in the shear array functioned properly. Difficulty
was realized in separating the shear wave from the tail of the longitudinal wave
and from reflection from discontinuities adjacent to some of the wave paths,

L aboratory Experiments

Data Required from Laboratory Experiments

To delineate or predict the boundaries of craters on the basis of the
present method of stress anslysis, a maximum tensile strength criterion was
selected, This required a knowledge of the dynamic tensile strength of the rock
as distinct from its siatic tensile strength, which Is in general smaller,
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TABLE 4

Explosive Charge Data For Geogel 60% and Cilgel B 70%, 2 In. and 4 1n, Shot Holes

$an, P Clpel D GuL

Charge Charge Charge |  Bulk yoo -
Date Shat Mo, Harizon Waight ¥olume Density mekres Motea
1965 {It} el __ tmlf per sec
May 24 East & - Mo. | 29.0 2950 i0T0 0. 36 -- Frobe Lailed
May 24 Eastbh - Mo, 2 9.0 2954 270 Q.90 4400 3500 (or 3 in,
May 3! Eaat 4 - Do, | 248.0 2950 2940 1.0d 1920 Average
May 21 Easl 4 - Mo, 2 25,0 2950 -- -- 4R80 Frobe errar?
June 2 EaatZ - No. I Zv.a 2950 .- .- 4120 1500 o & in.
June 2 Eaat? - Na, L 25.5 2950 | 3360 b, && LEECI I
Average: 0.94 4149
Stindard Deviatian: = .- .
- B 4in, § Grogel 607 B -
May 21 Wegt T - Mo. | 9.5 340 2360 1,33 6350 --
May 25 West 7 - Wa, 2 1.0 3400 -- -- 6450 Sand bed setlled
May 24 East 7 - Mo. | 29,5 3400 21350 L.45 -- Probe failed
May 24 East 7 - Hp, 2 6.8 3400 ZzZ50 1,51 6350 -
May 27 West 5 - Mo, 1 0.0 3400 2490 1.35 &300 --
May 28 Wegt 5 = o, 2 17,0 3400 -- an £350 Sand hed acttled
May 20 East5 - Mo, | 28.0 3400 2460 1.38 6350 .-
May 20 Eaat 5 - Neo. 2 25.5 3400 2400 1.48 - Frabe failed
May 31 West 3 = No, | 2.0 3400 2250 L5l -- Probe failed
May 11 West 3 - MNo. 2 25,0 3400 2460 L. 38 63150 --
June 1 East 3 - Mo, | 21,5 3400 2250 1.51 6030 .
June L East 3 = Mo, 2 25.5 400 2350 1,45 5990 -
June | Eaat 1 - No, 1 27.5 3400 2550 1.32 beOo0 .-
June 3 East § - Mo, 2 24. 7 3400 2350 145 56350 -
Average: 1.4t 5315
Standard Deviation: . 3.2% 2.3% o
Z7in, § Geogel 600 — — -
May 25 West & - No, 1 29.5 425 - -- - --
May 25 Wegt & - Mo, 2 26,5 425 —- -- 542 Sand hed aettled
Mry 29 Westd - Ng. 1 30.3 425 30 L.28 -- FProbe failed
May 279 West 4 - Neo. 2 26.5 425 -— -- 5900 Sand bed settled
May 2% West 4 - Na, 2 27.0 415 254 1.68 G160 --
June 1 Wast 2 - No. | 24,5 425 29z 1,45 G050 .-
June 1 West 2 - Mo, 2 6.5 425 A 1.45 6350 --
Junge 3 West | = Mo, I Z8.0 425 130 i.28 5500 BN
. Wo. 2 riot fired _ _
Average: 1,43 5230
Stanaard‘_]?evial‘ion: . .- -- _
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Dengity and Location of Specimens from Varlous Gauge Holes

TABLE 5

Gauge Hole Approximate

and Depth

Specimen No. it}
GE -1 10
G5-2 10
G5-3 io
G5 -4 30
G5 -5 30
G5-6& 30
G3-1 10
G3-2 10
G3-3 10
G3-4 30
G3-5 30
G2-6 30
G2'-1 10
G2r-2 10
G2'-3 19

‘Specilic Gauge Hole Approximate Speciiic
Gravity and Depth Gravity
. Specimen No. 1. [EL) _
3.68 G2 -4 in 3,42
3.66 G2' -5 30 3,81
3.56 Ga' -6 30 3.50
3.52 wWi-1 10 4.12
3.75 wil-2 10 3,73
3. 48 w1 -3 10 3.58
3.55 wi -4 30 3,80
3.59 Wt -5 30 3,27
3.76 wi-6 30 389
3,56 G111 10 3.41
3,73 G1-2 10 3,39
317 G1-3 1] 3.54
3,39 Go -1 1o 3,42
3.71 Gb -2 10 367

.31 Gb -3 10 3.26

Average Specific Gravity - 3,54

TABLE 6

Dilatational Wave Veloclties Determined for the Path Between Gauge Holes G1
and G5 on Various Test Shots

Velocity
Test Shot (metres/sec)

w4(1) 6,700
W2(1) 6,530

EZ (1) 6,350
E2(2) 6,530
E3(1) 6,530
E4(1) 6, 180
E5(1) 6,530
Average Value 6, 460

TABLE 7

Shear Wave Velocitles Determined on the Basls of the Path Differemce

Between the SBhear Shot Hole G6 and Gauge Holes W1 and W2

Velocity
Test Shot {metres/scc)
G5 3,250
Gh' 3,620
G7' 3,250
G7 3,250
G3 3,650
G4’ 3,650
Average Value 3,450
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Description of Laboratory Tensile Tests

The dynamic tensile strength of the rock, used in the analyses, has been
determined, using a modified Hopkinson Bar apparatus similar to that used by
Attwell (2} In hisz studies concernlng rock., In this type of {est, a compressive
stress wave is generated in a cylindrical speclmen by impacting one of the flat
ends with a bullet or explosive; this hecomes iensile on reflection at the opposite
free face, By determining the free face velocity-time profile and the dilatational
velocity, and kmowing the spall length, the tensile stress at failure can be deter-
mined using the formula

o =pQy, vasaal

where p iB the rock'sdensity, C its dilatational wave velocity, and V its particle
velocity at failure,

The modified Hopkinson apparatus uged consisted of a cylindrical speci~
men with a detonation apparatus at one end and a displacement-measuring de-
vice at the other end, separated by a 3-ft pressure bar.

An end parallel plate capacitance gauge was used to determine the dis-
placement-time profile of the free end of the specimen subjected to explosive
aitack, The plates consisted of a thin metal foil cemented to the end of the
specimen, and a parallel brass plate supported In position by a lucite rod attached
to a table-mounted unit. A micrometer on this table unit controlled the axial
motion of the brass plate; this allowed accurate adjustment of plate separation.
Differentiation of the displacement-time voltage profile of the capacitance gauge
provided a free face velocity-time profile for each of the specimens tested.

Figure 12 is a typical set of profiles for magunetite specimens, from which dynamic
tensile strengths were determined.

The calibraticn factor relating voltage output and dieplacement of a
parallel plate gauge is normally determined ballistically, In the present study,
displacement was directly related to volfage output by use of an auxiliary photo-
optical system. With this system a linear relationship was established between
voliage output and displacement. By making concurrent, identieal displacement
meagurements with the iwo systems, the capacitance gauge was calibrated
directly.

Tensile Test Results

The resulis of the tengile tests are summarized in Table 8. A mean
value of 130 kg/cm2 ksc was realized with a standard deviation of 28 kg/cm2 ksc,
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TABLE 8

Tahle of Results for Hopkingon Tensile Tests Conducied on
Mapnetite 8pecimens from Carol Lake, Labrador

Specimen Tensile Btress in Mean Tensile Strength
Na. Failure Plane {psi} and Standard Deoviation
6 2,200
i 2,000
9 1,500
10 i,800
11 2,400
14 1,200
15 2,200
16 2,000
18 2,500 1,800 + 400 or + 22%
19 2,000
20 2,200
23 1,504
25 1,100
30 1,700
31 1,700
32 1,500

Method of Stress Analysis
Higtorical

The method of stress analysis used to determine the stress resulting
from detonation of contained spherical charges in the vicinity of a single free
face hag been previously reported in detail (3). This method of siress analysis,
which wags developed at Kyoto University, is briefly outlined below.

Qutline of Method of Apalysis

1t is assumed with this method of stress analysis that the disturbance
resulting fromthe explosion of a spherical charge in a medium which acts in an
elastic manner is limited to 2 radial longitudinal wave. When a charge is placed
adjacent to a free face, the stresses at any point near the frec face result from
passage of the threc wave motions shown in Figure 13A: the first is the long-
itudinal wave travelling directly from the explosion, and the second and third are
longitudinal and transverse waves resulting from reflection of the direct long-
itudinal wave at the free face.

The siress components contributed to the stress conditions at a point

such as {(A) by the direct longitudinal wave arc completely defined in terms of
particle velocity, particle displacement, and elastic rock constants.
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8imilarly, the stress components resulting froin the reflected longi-
tudinal and transverse waves are defined in terms of the direct longitudinal
particle velocity and displacement wave shapes and amplitudes as well as elas-
tic rock constants. Displacement U(r, Tip) in the above eguations is the pro-
duct of Up(r) and U, (T; ), where UJ_(r) is a function of r and describes the atten-
uation of the peak value of displacement with distance, and Uw(Tip) is a function
of Tjp = {t - E!-*—) and indicates the change in the value of the normalized dis-
placeinent wave shape with time, Particle velocity V(r Tjp) can be deseribed
as a produet of similar expressions Vp(r) and Vo (T For the reflected
longitudinal (rp) and shear waves (rs}, amplitude amEl phase adjustments are
made on the basis of path length and plane wave reflection theory at a boundary.
The latter assumption is one of the limitations of this particular analytical
approach.

The stress components in the three sets of Equations 2,3 and 4 are In
polar coordinates referred to origins 61, 8q and 83, These origins are the
intersections of the projections of the directions of the wave fronts back to an
extensgion of the normal from the shot centre to the plane of the free surface.
The computer program written to handle the synthesis of thege stresses provides
as an output the time—dependent principal stresses and also their directions re-
ferred to origim 0. The user of the program selects the points where the stress
conditions are {0 be determined, In passing, it should be noted that the particle
velocity and particle displacement wave shapes for the three wave motions are
identical and for computational purposes can be characterized by discrete sets
of numerical data concerning wave shape and suitable power law relationships.

Application of Analysis

The analysis was carried out for 3,400 g charges of Geogel 60% and
2,950 g charges of Cilgel B 70%. Depths of burial of 100, 120, 150 and 240 cm
were congidered. Because of the gymmetry with a spherical eharge, one of
the threc principal stresses is always in the # direction; the direction of the
other two principal stresses, which are in the r § plane, vary with time as
shown in Figure 13 B. The principal stress coinciding with the 8 direction
is denoted as e¢g; o1 and &2 are the principal streeses in the r ¢ plane.
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Figures 14A and 14B illustrate the effect of the free face on the princi-
pal stresses as determined by the analysis. These are plots of the principal
gtresses at two locations on the normal from the shot centre to the free face;
74 coincides with the normal and ¢4 is at right angles to the normal. In pro-
portion, the maximum compressive segiment of ¢ near the free face decreases
because of the existence of the free face while the tensile segment increases.
Figures 154 and 15B are examples of compiled principal stresses for pointe
neer a free face. The angle o is zero when the direction of the principal stress
o 1 parallels the line hetween the charge centre and the point of computation;

a is pogitive when o4 rotates in a direction tending to parallel the free face.
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Assuming tensile failure of the rock, the direction of cracking in the rg
plane should coineide with the direction of ¢ and should occur when o, exceeds
130 kg/cm?2. Figure 16 shows the direction of o 1 and & when this condition
exists for a 3,400 g charge of Geogel 60%, W =120 cm, In the region § > 45°,
o _ curves gradually to parallel the free face, suggesting that crater profiles
should be slightly convex, This effcct was observed on a2 number of the craters.
Besides the direction of principal stresses, Figure 16 shows the locus of points
where o 9 and o q exceed 130 kg/cmz. Assuming, then, that the field tensile
strength of the rock is 130 kg/cm? within the lines (o p max, oq
max = 130 kg/cmz), there is a possibility that cracks caused by the cxplosion
may reach the free face and delineate the surface dimensions of the crater.
Superimposed on the stress trajectories of Figure 16 are four hal{-profiles for
craters regulting from 3,400 g charges of Geogel detonated at a depth of 120 ¢m
in this particular rock., Good agreement exists for a field experiment between
the surface crater dimensions and those onc would expect from a maximum ten-
sile failure theory on the basis that o 5 or ¢ 3 exceeds 130 kg/cmz.

The analysis algo provided data on the direct stress wave propagated

Into the rock mage by the two explogsives used. Figure 17 ig a plot of peak
values of o ripaoda g for the two explogsives. From this plot it can be
shown that the ratio of peak radial stresses for thoge two explosives is 1.6

at a digtance of 100 cm and 1.5 at a distance of 200 em, The ratio of detonation
pressures for these two explosives, as determined in laboratory measurements,
is 1.95. However, by assuming that the acoustic coupling relationship:

2C,.p. Pg

P —— e e ——
t
(t) D ,o.*C,,

saand
is applicable to determine imposed or transmitted pressures, a ratio of 1, 68

was obtained. In this equation, P4 and Py are the incident detonation and trans-
mitted pressures, pe and p are the densities of the explosive and rock, respec-
tively, and D is the detonation velocity of the explosive., Although the evidence

is not subgtantial, the agreement would suggest that, at least for a guick calcula-
tion, the acoustic relation provides relative peak stress levels in the vicinity of
different explesive charges for the same rock,

Simulated Direct Stress Resufting From a Cofumn Charge

Method of Analysis

Varlous pattermns can be employed to detonate a column explosive charge,
It is of eonsiderable practical interest to know the relative effect of various meth-
ods of detonation on the resultant direct stress pattern, if optimum breakage ig
to be realized. On the basis of a knowledge of the direct stress resulting from
detcnation of an elemental charge unit, a method of analysis has been developed
{4, 5) to simulate the stress digtribution In the viclnity of a eolumn charge, To
date, simulation of the stress distribution resulting from single- and two-point
simultaneous detonation of an explosive column has bheen completed, using data
from the HM Geogel 60% field trials,
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Results of Analysis

Charge columng 7 metres in length were considered in the analysis.
These columng were simulated by 22 charge elements which in diagrams such as
Figure 18 are indicated by location numbers (K). Principal stresses and direc-
tion were calculated on lines paralleling the axis of the charges for varicus
distances W from the charge axis, Fipures 18A and 18B arc plots of location
number K versus peak compressive value of PS5 1 and peak tensile valuc of PS 2,
the principal stresses, for varions separation distances W with single-point
detonation at K = 1, Figure 19 is a companion plot indicating the direction of
principal stress when these muximum values have been aftained. A negative
angle in this plot indicates deviation from the normal towards the charge column
in the direclion of flow of the detonation (ront in the column. Figure 20 is a
simnilar plot to Figure 18 but with the peak principal stresses shown for double
detonation (with second detonation points of K = 6, 8 and 10) as well as for single
detonation. Only one scparation distance hus been considered in Figure 20,
W = 2.5 metres, Fipure 21 is a companion plol lo Figure 20, showing princi-
pal stress directions at peak values, Figure 22 shows the principal stress
wave shapes for PS 1 and PS 2, at various locations, for single-poini and simul-
taneous two-point detonations, W = 2,5 metres,

From Figure 18 it is evident that towards the terminal end of a detonat-
ing column charge, peak stress in the surrounding rock mass is highest. Il is
evident from Figure 20 that, in terms of uniformity of peak stress along the
explosive column, suitable two-point detonation can producc a considerable
improvement, Comparison of Figure 19 with Figurc 21 will show that there is
little modification in the direction of principal slress at peak values with the
various detonation patterns. From Figurc 22 it is seen, by comparison with
similar wave shapes for single-point detonation, that the increase rcalized in
the peak value of PS8 1 in the vicinity of the lowcr cnd of the charge column is
achieved at the expense of pulse width, The effect of double delonation in this
example has been to adjust principal stress wave shapes PS 1 and PS 2, in the
area gurrounding the initiation section of ithe charge column, in a manner which
improves stress condilions for rock breakage, However, where beuches are
involved, either two- or single-point bottom iniliation of a column charge would
appedar to have advantages over top initiation. First, the cxplosive acls as its
own glemming material, optimizing any gas effect associated with rock throwing
or breakage. Secondly, peak stresses ure developed normal to the fuce in the
lower section, optimizing iuitial tensile breakage as a result of stress wave
reflection. Bottom detonaticon also means that the rock mass forming the bench
glab to be blasted is undercut, As detonation procecds up the column charge
with more oblique incidence of the principal stress on the original free {ace, a
second face is provided as a result of undercutting, to which the rock can break.
At no time, with bottom detonation, is the principal stress in the vicinily of
the free face "pointed' to a continuous elastic mass such as the floor; it is al-
ways pointed to a free face,
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Conclusions

The radii of the craters seem to be consislenl with the calculated stres-
ses and with the use of maximum tension as the failure c¢riterion for the rock
material. The resulls indicate that, although o ¢ { the tensile stress acting in
the vertical plane) is probably decisive in shaping the crater, the projection up
to the ground surlace of the locus of points of ¢ 3 (the tensile stress acting hori-
zontally), which indicales the extremc lateral position when the iensile strength
of lthe rock is cxceeded, best defines the crater radii, It follows {from this
analysis that a large zone probably cxisls in the ground around the lower pari
of the crater, where tensile fractures exist.

The studics alzgo indicated that relative siress levels in elastic rock
masses resulting from detonating contained charges can be roughly determined
from the dynamic properties of the rock and explosive by use of the acoustical
coupling rclationship, Turther experimenis, however, are required for abso-
lute verification.

The limited agreement achieved wilh this method of analysis, between
predicted and actual crater dimensions, provides some justification for using .
this method of analysis for simulating the stress distribution in the elastic zonc
around explogive charges of various geomelrical shapes. With this substantiation,
a study of the stress distribution surrounding column charges was undertaken.
From the inilial results of this study, it would appear thatl, to obtain uniformitly
of peak stress, two-point simulianeous detonation of a colunm charge is prefer—
able to single-poeint detonation.

Further ficld trials arc required 1o augment 1he data prescniced here.
Larger shotg are required to test the cifect of scale and of gross structural
l[eaturcs. Field work is alsc required, to verify some of the conclusions con-
cerning column charges that have been arrived at purely analylically. Tt would
be desirable 1o develop, on the basis of explosive and rock properties, a method
of predicting the absolutc stress levels that are produced in a rock mass by the
detonation of a charge; this method would replace the present meathods, which
involve an elaborate field experiment,
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THE EFFECT OF STOPING ON THE STABILITY
OF A REMOTE PRE-EXISTING TUNNEL

W.D. Ortlepp?*

Abstract

The problem of predicting damage in 2 pre~developed
tunnel influenced by stoping, is considered in general terms and
illustrated by means of a Btress analysis of a specific case,

Knowledge of the streas distribution and of the mecha-
nics of fracture initiation, 18 shown to be useful, but not suffi-
cient for the prediction of all types of damage. The deficiencies
in present knowledge are outlined,

However, certain major decisions were made more
readily and with more confidence than would have been posgible
without the theoretical analysis,

Infroduction

The support and layout of tunnelg and other long excavations of roughly
equi—dimensional crosg-gection, form the most common of mining problems,

To date, the design of support has been entirely empirical and layout,
with respect to the main workings and to neighbouring similar excavations, has
heen baged purely on experience, Whereas the results are often satisfactory,
there is seldom any assurance that the most economical sBolution has been
achieved. It I8 also commonly experienced that excavations have failed in cer—
tain instances while in others, similarly dimensioned, the support appears to
be redundant.

*Rock Mechanice Engineer, Eaat Rend Proprietary Mines, Limited.
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In South Africa, rock mechanicg research has been mainly orientated
towards the problem of rockbursts, However, much of the fundamental know-
ledge g0 gained can he applied to the design and layout of turnel-like excavations,
Together with the results of research more apecificaily directed towards these
latter problems, this provides some hope that the traditional approaches may
goon be replaced by more systematic and objective methods,

By describing the results obtained in the analysis of a specific problem,
this paper Indicates the progress so far made towards this end. It also high-
lights some of the remaining difficultiea which prevent the application of a com-
plete rational design procedure.

Statement of the Problem

The Enst Rand Proprietary Mines, Limited, is the largest and deepest
of the older gold minea in South Africa. The gold bearing conglomerate ia one
gtratum in a succession of strong and massive quartzites of great lateral extent,
which are inclined at 25° to the horizontal. The stoping width seldom exceeds
4 ft and dykes and faults, althcugh quite common, do not appreciably disturb
the emsentially plane and continuous nature of the stoping excavations.

Of the 260, 000 tons milled per month, 80 per cent ia sioped at a depth
greater than 8,000 ft below surface and 10 per cent from below 10, 000 ft. The
bulk of the total tonnage is produced from five main longwall sysiems,

The main access and all services to the easternmost of these ayatems,
'L' longwall, is provided by & single hangingwall haulage on 58 level, 8,000 ft
below surface (Figure 1). The haulage is about 12 ft x 14 ft in size and 18 sup-
ported only by rock-holts except for imolated portions where steel arches have
been installed (Figure 2),

Unlike the main connections between the other longwalls, this haulage
was developed prior {o stoping of the reef helow. Consequently it was inevitable
that it would be subjected to increasing atresses as the 'K' east and 'L! west
longwall faces converge., Since 'L' longwall preduces nearly 20 per cent of the
mine's total fonnage, any collapse of 58 haulage would have serious economic
conseguences,

Developing a new haulage through streas-relieved ground already
overatoped to the north, would provide a certain but costly way of avoiding
these consequences. Alternatively, considersable additional expense might be
involved in modifying the stoping layout, or sequence, to minimize the damaging
effects on the haulage above, These considerations and the requirements of
safety, demanded that an aitempt be made to agaeas the likelihood of collapse
of 58 haulage.

The gituation was without precedent ag the other main connecting

haulages are in the footwall and were post-developed in stress-relieved ground,
usually about 250 ft below the stoped-out areas. Pre-developed footwall haulages
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on 68 level st a depth of 9,400 ft, about 160 ft below the reef plane, have suffered
congiderable damage beneath the advancing longwall, Figure 3 shows the ap-
pearance of this tunnel when re-opened after a minor burst.

Because the surrounding argillacecus quartzite is relatively weak, the
damage suffered by 638 haulage affords nc guide as to the nature or intensity of
damage which might occur in the stronger hangingwall quartzites in which 58
haulage is situated 500 to 800 ft above the plane of stoping.

The lack of suitable experience to guide empirical decisions in thig
instance, made it necessary tc adopt & more theoretical approach to the analy-
sia of this problem.

Yalidotion of the Elastic Approach

The theoretical behaviour of quartzites of the South African gold mines
has been established by comparing displacements observed underground with
thoee expecfed from elastic theory - Cook et al, (1). One such comparison was
based on observations made on 58 haulage.

Since February, 1962, precise levelling of 23 rock-bolt benchmarka
anchored at & depth of 8 ft in the haulage roof (Figure 4), has provided a mea-
Bure of the vertical differential movement of the rock masa containing the.
haulsge. The changes in elevation ohserved at 5th July, 1964, and at 23rd
October, 1966, are compared with the theoretical changes in elevation of
several of the benchmarks (Figure 5). All changes are shown relative to bench-
mark 15 which is agssumed to have behaved according to theory. The detailed
history of observed displacements, relative to this benchmark, are shown in
Figure 6 together with the corresponding theoretical digplacements,

The theoretical displacements were computed from convergence data
obtained from the electrelytic analogue described by Salamon et al. {2), The
following assumptions were made; -

1. The original vertical siress was equal to the superincumbent
load,

2. The horizontal to vertical astress ratio was 'k' = 0,2,
3. The Young's modulus was 107 psi and the Poisson's ratio 0.186.

These latter values are typical of the moduli obtained from the testing of

small gpecimeng of E.R, P. M, quartzite. Meagurementsa of ""convergence"
were cenfined to the areas shown in Figure 4, but the correct boundary condi~
tions were obiained by recognizing, in the analogue model, the existence of all
nearby excavationg and the limitation imposed upon the convergence digtribution
by the original stoping width of 4 ft. In additicn, the stress gradient arsociated
with inclined excavations was teken intc account.
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The gualitative agreement is good and quanlitative discrcpancics are
appreciable only at benchmarks 1, 6 and 23. These differences are not easily
explaincd but may be because of: -

1. a real variation in elastic modulus of the rock mass,

b. errors in the stoping widlhs assumed for the earlier mined
portions of K and 1. longwalls, or

¢. variations in the primitive gtreas disiribution,

Mcasurement of the absolule stress in rock is a difficult process and
some uncertainty still attaches to the rather meagre results so far obtained in
South African gold mincs. However, the indications are that the verlical stress
is approximately equal to that, duc fo the weight of the overburden, and the hori-
zontal components are some fraciion of this value,

The magnitude of the vertical displacements are largely dependent
upon the magnitude of the original vertical stress and on the value of Young's
modulus. The fact that the vertical components are nol sensitive to variations
in the horizonial primitive stress is demonstrated in Figure 7 where the dis-
placement components for 'k' ratios of 0.1, 0.2 and 0.4 are shown,

The pood correspondence hetween the obscrved and theorcetical dis-
placement may thus be regarded as sufficient proof of the essentially claslic
nature of the rock mass behaviour and of the validity ol the assumplions re-
garding Young's modulus and the value of the verlical component of the origi-
nal stress. It does not, however, throw any light on the values of the horizon-
tal primitive stresses.

The Future Stress Distribution

It was felt that the use of the analogue for the prediction of the
stresses thal would be induced by the mining of the abutment beliween K and L
longwalls, could be juslified provided that the lateral atresses were interpre-
ted with a certain amount of latitude.

The theoretical stress ficld was determined from the convergence
distribution measured on the analogue, in the same way as the elastic displace-
ments were delermined. ‘The same constanis werc used, the same assumnptions
werc made and the same boundary condiiions prevailed.

The policy of glightly underhand longwall mining, where individual
stope faces arc mainlained in line and advance in the strike direction at
approximately 20 ft per month, leads eventually to the development of a nar-
row peninsular abutment whose peak moves gradually down dip. Leaving
amall island remnantis such as I and II in Figure 8, where low gold values
exist, has been found to give temporary respite from the acute difficulties
associated with the mining of the peak. Tecausc of intensive faulting, dykcs
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and low gold content, it was planned to leave another such remnant at ITI, Leav-
ing the dyke intact above this remnant and so aveiding the considerable difficul-
ties and cost inevitably associated with mining of large dykes, appeared as a
very desirable alternative possibility.

Accordingly, two alternative configurations for June, 1967, were
recognized in the analogue model of the future mining outlines. Tigure 8 shows
the five configurations for which the convergence diastributions were measured
to yicld, after digital computation, the future stresses at points A to H on 58
level, and J to L on 68 level.

The principal stresses at each point were evaluated for three values
of the original vertical to horizontal stress ratio 'k', viz 0.1, 0.2 and 0.4.
The variation, along 58 haulage, in the major principal stresses o3 and the
minor principal stresses ¢1, are shown in Figure 9 for a 'k' ratio of 0.2, The
stresses at F, G and H relate to the "dyke intact" alternative, while the more
complete stress profile through A e F, indicates the stresses that would
develop as a resulf of removing the dyke in the course of mining out the peak
symmetrically.

The corresponding stress changes at points J, K and L on 68 level
haulage are shown in Figure 10, For the sake of clearer presentation the
minor stresses have been plotted to a scale twice as large as that used for
the major principal stress.

AS was the case with the varicus displacement components, the
major, near-vertical principal stresses are insensitive to changes in the k
ratio while the values of the minor, ncar horizontal principal stresases are very
dependent on the value of 'k'. This relationship is shown in Figure 11 for two
of the points on 58 haulage.

The orientations of the principal stresses are defined, by ihe digital
computer, in terms of direction cosiness with respoect to the strike, dip and
perpendicular directions of the plane of the cxcavation. The isometric dia-
gram of Figure 12 shows these reef plane co-ordinate axes X, Y and Z, and
the location of 58 haulage above the reef plane. The principal stresses result-
ing froin the syminetrical stoping of the peak are shown as solid vectors and
those because of the intact dyke, as broken vectors. The orientations of the
principal stresses are also relatively inscnsitive to variations in the ralio k.

Prediction of Domoge

An agsessment of the damage that might oceur in a tunnel requires
a knowledge of the response of a relatively complicated structure to 2 complex
stress situation. The stresses have been approximately specified for the
idealized environment and, ignoring the shell of fractured rock that may exist
as a regult of blasting or previous stresses, the tunnel may be considered as
a simple two dimensional void surrounded by solid rock.
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With these simplifications the initiation of fracture may be anticipated
but the mode of failure remains obscure and gives no hint as to the intenaity of
damage that may result.

For the prediction of fracture initiation, a ''strength' criterion is
necessary. If is well known that the strength of a brittle material is not a unique
property of the substance but a characteristic whose value depends on the value
of the stresses. ‘The most accepted method of determining this relationship is
by means of triaxial tests. Thesc tests yield limits which can be represented
as a Mohr failure envelope or, pcrhaps more conveniently, as a plot of the sums
and differences of the principal stresses which caused failure.

The resulis of triaxial tests carried out by Bieniawski and Denkhaus
(3}, are displayed in thig form in Figure 13 for: -

a. a gquartzite from E . R.P.M., which is probably reprcsentative
of the rock surrounding 58 haulage, and

b. a quarteitic shale similar o that encountered on 68 haulage,

Any stresses which plot above this line mdicate conditions in which
fractures will be initiated while those below the line will be inadequate to pro-
mote fracture,

It must be emphasized that the line represents the strength of rock
which ia as continucus as the small specimens from which the data were de-
rived. If discontinuities such as faults or jomts exist in the rock mass, its ten-
gile strength will be zerco and the behaviour of the material will be governed by
friction only. The lowest strength of the rock mass is thus represented by a
parallel line passing through the origin.

Wherever tensile stresses exist then, it is likely that fracture will
occur in the rock mass. Even in the absence of discontinuities, fracture can
oceur if tensile stresses develop even moderate values.

Although obvious, it is perhaps necessary to emphasize at this sfage,
that the occurrence of fracture does not necessarily constitute a problem in
mining. Moreover, fractured material retains, to some extent, the ability to
resist load. In other words, ite strength does not drop to zero with the onset
of fracture.

The fact that fracturing, once commenced, does not proceed continu-
ously until the void is filled by rubble, is shown by Deist {4) to be conclusive
evidence that fractured rock possesses appreciable and definable strength.

The complete failure accompanying the onset of fracture m small

brittle specimens, has been shown by Cook (5} to resuit from the energy inher-
ently available in the resilience of conventional testing machines.
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In the light of these considerations, the possibility of various types of
damage may be examined.

Comparison of Alternative Mining L ayouts

Whereas underground excavations cannol suffer damage without the
occurrence of fracturing somewhere in the rock mass, it does not follow that
fracturing will nccessarily cause damage to excavations. This will probably
depend on the mode of fracture, its position, vclocity of propagation and on the
amount of energy releascd.

This realization makes it difficult to compare the likelihcod of damage
arising in different situations even where the dificrent stress environments are
known. It becomes necessary to attemnpt to visualize all types of damage that
may conceivably occur, and to examine each in the light of the stress situations
which exist at various stages in the stoping sequence,

Fracture Initiation in the Rock Mass

The stresses determined from the analopue refer to conditions in the
rock mass and ignore the modifying effect because of the presence of the
haulage. Although the major principal stresses are relatively low, the minor
principal sircsses in the strike directicn are tensile and of sufficient magnitude
to permit failure to initiate in certain instances.

The sums and differences of the principal stresses at the most vul-
nerable point, F, on 58 haulage for June, 1966, and for June, 1967, with the
dyke unmined are plotted in Fignre 13A.

Thie shows that the intact dyke induces tensile stresses of sufficient
magnitude to cause fracture to initiate, even in a rock maes free of discontin-
uities, provided that the original stress ratio 'k’ was 0,2 or smaller.

In the case of symmetrical stoping of the peak, fracture could initiate
provided that the ratio between the original horizontal and vertical stresses
was as low as 0.1.

Cook (8) has suggested that the original stress ratio cannot be less
than about 0.3, and it can be argued that the bulking effect, resulting from the
fracture zone developed around the stopes, causes a reduction in the induced
tensile stresses. However it is equally valid to claim that the rock mass must
contain gufficient discontinuitics in the form of faulte, dykes or joinis to reduce
its strength to considerably lesg than that shown in Figure 13. The fracture
locus may even pass through the origin,

In this event fracture would occur even with 'k' ratios of 0.4 or
greater; indeed fracture must already have occurred as early as June, 1966,
even at points as remote as B. The fact that ne noticeable damage has occur-
red, Figure 2, lends considerable confidence to the suggestion that fracture of
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the rock mass in a low stress environment doea not present any danger to the
haulage. This feeling is further reinforced by the disclosure in Pigure i8B that
stresses in the vicinity of 68 haulage arc further removed from the fracture locus
than are the 58 haulage stresses, and that the damage caused in 68 haulage was
thereforc not associated with low stress fracturc in the rock mass.

Falls from the Roof

The stress concentration becauge of the presence of the excavation it-
self is generally sufficient to cause the initiation of local fracturing which
commencea at the surface of the walls of a tunnel.

According to theory the first fracture to develop is a tensile erack of
limited depth along the centre-line in the roof of the tunnel, This feature,
which has been demonstrated in models - Cock et al. (1) page 514, ig stable
and does not lead to deterioration of the roof. The fact that is has not been
observed in tunnels in the South African gold mines suggests that it is of no
practical consequence.

Fracturing in the corners of excavations is common and, combined
with possible separation along pronounced bedding planes, is frequently the
cauge of potentially dangerous locse slabs in the roof. These are likely to re-
present a hazard only if insufficiently supported or, indirectly, if shaken free
by the tremor from a distant rockburst or impelled into the excavation by a
burst within the walls of the tunnel itself.

While the severity of these roof conditions is likely to be broadly re-
lated to the intensity of the environmental streases, it is probably more influen-
ced by local variables such as geclogy and shape of the tunnel cross-section.

Since these variables are not recognized by the analcgue, the analyses
do not permit a comparison of the relative merits of the alternative mining lay-

outs in terms of the probability of roof falls,

Sidewall Slabbing

The mest common formn of funnel damage occurs asg pronounced slab-
bing of the sidewalls of the excavation,

Fairhurst and Cook (7}, have suggested that these slabs are formed
by the extension of Griffith flaws in the direction of the maximum principal
stress. The process of glab formation thus requires that the vertical stress
parallel to the sidewalls, should exceed the Griffith strength of the rock.

The formation of slabs does noi necessarily constitute damage and in
certain cases can be inhibited by the restraint imposed by adequate rock-
bolting. However, continued increase in the vertical stress can cause damage
to the haulage by promoting buckling of the slabs. A particularly dangerous
gituation will arise if the pressure of the bulging sidewalls displaces the legs of
arches or concrete retaining walls which, in turn, are gupporting large slabs of
loose roof.
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According to Fairhurst and Cook, stability of sidewalls is assured in
a haulage of optimum shape, wherc the sides have been cut to u curve of suitable
radius and adequately rock-holted, provided that the vertical component of the
field stress does not increase above aboul onc-half of the Griffith etrength. In
the case of 58 haulage, where the rock has a Griffith compressive strength of
30,000 psi, Figure 13A, verlical field stresses in excess of 15,000 psi are thus
likely to cause slabbing of the sidewalls which are insufficiently curved and in-
adequately rock-bolted.

Obviously the probability of this type of damage ig direcily related to
the magnitude of the principal stress incrcase. Consequently the stoping se-
quence which results in the smallest increase, affords the best chance of survi-
val of the haulage. Thus symmetrical stoping of the peak is preferable to
leaving the dykc intact since the latter alternative imposes higher siresses on
point F during June, 1967 (Figure 9). However, if the haulage is sufficiently
rock-bolted to survive this period then the eventual permanent stress field after
December, 1969, should not préscnt a threat to sidewall stability.

Rockbursi Damage

Severe rockbursts in stoping areas frequently causc damage to adja-
cent drives, cross-cuts and haulages in the form of scattered falls of greater
or leaser extent, This damage results from the 'shakc-up' of potentially dan-
gerous conditions already existing as a result of the roof fracturing or sidewall
slabbing proceosses discussed above,

Rockbursts which are confined to tunnels and are not accompanied by
violent damage in the neighbouring stopes, occur less frequently but are usually
more sevcre. The damage shown in Figure 3 is the aftermath of one such event
which precipitated a few hundred tons of broken rock into 68 haulage, over a
distancec of about 3 hundrcd feet.

The shape of the zone in which fracturing is initiated around a haulage
subjected to somc specified field stress, can be defined by a method described
by Hoek (8}, which involves established elastic techniques and accepted concepts.
However this method does not recognize the effect of already fractured material
upon the highly stressed solid which is about to fracture, nor does it describe
the rale at which the fracturc zone propagates.

A non-linear elastic continuum approach described by Deist {4),
shows more promise. It recognizes the dynamic reaction, on the unfailed
massg, of material which is fracturing and yielding in a known manner and which
is all i_rhportant in controlling further fracture, A reiterative computer
program traces out the gequence of stress changes and displacement velocities
radiating away from the tunnel void which has suddenly bcen created in a
specified stress field.
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For each point in a grid surrounding the void, the compuler examines
the instantaneous stresg values to establish whether the rock has fractured but
retains some strength, has broken and is unable to sustain any shear stresses,
or has failed and then reverted to elastic behaviour. The analysis is reiterated
until stability has been reached. The fracture zone shape, and its rate of
change in terms of milli-seconds, can thus be determined and scme estimate
made of the associated energy changes.

No case-history validation of this approach has been attempted since
the values of some of the constants, particularly that which describes the
strain-stress behaviour of fractured rock, have not yet been experimentally
determined. Furthermore, the computer program, in its prescnt form, consi-
ders the case of a funnel suddenly created in a apecified strees field. This dif-
fers from the actual situation where an existing tunnel is subjected to an in-
creasing stress field. Tor these reasons it has not been possible to compare
the rockburst-damage potential of ihe stress situations arising along 58 haulage
as a result of the different mining layouts proposed.

Conclusions

The preceding discussion has indicated that the solution of problems
invelving the layout of tunnels or the design of their support, is assisted by a
knowledge of the stress distribution and of the mechanisin governing the be-
haviour of the rock mass.

In South African gold mines, the rock mass has been shown to behave
elastically and an analogue technique exists for the prediction of the field stres-
ses. It is evident that, while this knowledge may be necessary, it is not suffi-
cient to solve the crucial aspects of haulage problems. The more obvious
deficiencies include: -

a. an inadequate definition of the original state of stress in the
rock mass;

b. the unknown effect of the fracture zone, around the main stoping
excavations, on the tensile stresses which these excavations
theoretically induce in the surrounding rock inass;

c. lack of knowledge regarding the interaction between rock which
is already fractured and that which is about to fracture; and

d. uncertainty as to the mode of propagation of the fracture zone,
particularly in respect of the energy changes invoived.

However it is reascnable to suggest that the use of rational procedures,
even if they are not entirely adequate, is preferable to purely emnpirical ap-
proaches. Moreover, comparison of thecretical expectations with actual ex-
perience may eventually yield acceptable design criteria,
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The results obtained in the analyses of 58 and 68 haulages lead to
several useful conclugions.

1. It is possiblc to develop, at considerable cost, a duplicate
haulage which will be entirely safe. However, by the time
it is completed the existing 58 haulage will itself be safe,
provided it survives the maximum stressges of late 1366,
and the duplicate tunnel will not serve any useful purpose.

2. The increased stresses are almost uniformly distributed
along a considerable length of the haulage. It would there-
fore be dangerous to improve the support in only a short
portion of the haulage directly above the longwall peak, or
above the intact dyke.

3. If part of the considerable cost that would otherwisc be
involved in stoping thc dyke was devoted to improving the
support, there is a reasonable chance that the haulage will
survive the increased stresscs resulting from the dyke
remnant.

4. The existing island remnants I and II and the propogcd
remnant III are so located that they do not directly en-
danger the haulage.
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on 58 and 68 level haulages.
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EXPERIMENTAL DETERMINATION OF VISCOSITY
OF ROCKS BY A SONIC METHOD

Dr, M.H. Rono*, and D.W. McKinlay

Abstract

If the kinematic solid viscosity of rocks can be deter-
mined, it may be posgible to draw some general conclusions
concerning their strength and time-dependent hehaviour. Rocks
and rock-Iike materials deform in a vlscoelastic manner, ap-
proximating to conflgurations of the Kelyin and Burger types,
depending on the range of interest involved concerning hehaviour,
A theologleal model can be used for the determination of vias-
cosity of rocks.

Damping of sonic cacillations in rocks can be deter-
mined in situ and in the laboratory. This, in turn, permits
calculation of the coefficlent of equivalent viscosity, which
seems to be a potential future eriterion for structural design
involving rocks.

The paper deals with analytical considerations pertinent
to the present investigation and describes the experimental pro-
cedure. The resulis obtained give an idea of the magnitude of
equivalent viscosity at no-load, The resulis are aimiiar to those
obtained sometime ago, concerning structural viscosity,

8olid viscosity 18 an Important rheological parameter
in the material behaviour and attempts are now belng made at
Queen's University to bring the concept info practical visco-
elastic structural design Involving rocks, The possibilities of
this approach are discussed in the paper,

* Asslstant Professor, Department of Mining Engineering, Queen's University,
Kingston, Ontarilo.
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fatroduction

Rocks behave viscoelastically on a time—dependent basis and it is impor=~
tant to evaluate thelr viscous and viscoelastic parameters In order to design
sound engineering structures, A mine deslgned from a viewpoint of rock mech-
anics is an englneering structure and an engincer 1s concerned with its sound-
ness from sn operational standpoint, 8o far, rock mechanics designs have been
mostly based on the dynam!ic and static elastic properties of rocks, It is logical
to adopt a viscoelastic approach in rock mechanics, but time and again, the engi-
neer 18 found helpless In this repgard because little, if anything, is reported in the
literature on the determination of viscous and other Inelastic rock parameters,

The first author (1963) attempted to experimentally determine the co-
efficients of 2o0lld viscosity of rocks using 2 number of techniques and the results
obtained were encouraging, These results have since been published (1965),
This work Indicated that a coefficlent of solid viscosity is a potential future cri-
terlon in structural design involving rocks and rock-like materials. Most of the
techniques used for these determinations, however, were destructive or semi-
destructive. We have felt that a non—destructive approach may be preferable,
speclallyforin situ detcrminations of solld viscosity, since we are aiming to
Incorperate the concept in practleal design,

A familiar sonic method has been used in an attempt to determine exper-
imentally the coefficient of egulvalent viscoslty of rocks. This parameter actually
15 the internal friction encountered by sonlc waves of a certain frequency when
propagating through a glven materlal, Essentially, the values of viscosity pertain
to a no-load condition, As a hy-product of this work, in time, a technique may
result which would enable a rock mechanics engineer to measure existing state
of stress In rocks at depth without changing it In attempts at direct access,

The results obtained are compared with those obtalned previously (1963,
1965) and it appears that the coefficient of equivalent viscosity has values gimilar
to those of the coefficlent of atructural viscosity determined previoualy, This
is deepite the differences in the loading conditions and the rock types.

The present work 1s of prellminary nature, However, the results indicate
that it should be possible to determine the coefflcient of equivalent viscosity at
any load, This 13 a real possibility in view of a lot of work done in the past on
the determination of elastic propertles of rocks by sonlc methods,

Analytical Considerations

The present mvestigation is based on the work done by Terry and Mor-
gans (8) who studied the rheclogical behaviour of coal. The authors' modifica-
tion of the Terry-Morgans approach consists in taking the work a step further
by determining the coefficient of equivalent viscosity which the original authors
did not carry out,
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The determination of equivalent viscosity 18 based on the Burger con~
figuration (Reiner, (4)). As is well-known, it is a rheological model resulting
from & series combination of a Kelvin solid and a Maxwell liguid conforming
to the equation:

. 1
€ = I—— veeaa
E( e+ Ty ¢€) g’+Tm § adt, 1
where E = Young's modulue
€ =unit strain
¢ = gtrain rate
Tk: retardation time
o = normal traction

Tm= relaxation time

In terms of shears, Equation 1 changes {o:

G{T+Tk‘;) = 7 + Sfdt 1....2

where G = shear modulus
¥ = displacement gradient
¥ = velocity gradlent
7 = ghearing traction

Reiner (4) has used A more conseistent approach for derivation of the
rhecological equation of the Burger's body, He considers the displacements of the
Maxwell and Kelvin models additive. If vp 1s the velocity gradient associated
with the Burger's body, then, from:

,?B = ’i’m + 7.k .‘I.‘3

a lftle analysis yields:

- . d ~G/ 7 .t 1 P oG/y gt
Y= 7t/ n+ T/G1+ -EE—-I:e (705+ - Sre dt)]

-

where 1 = coefficlent of shear viscosity,

Y gg = Initlal strain of the solld component
t = ghearing traction rate
Gl = shear modulus of the Maxwell component.
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Carrying out differentiation in Equation 4, the Burger's equation can be written
as:

Y=71 n+ ng -G/ 7t G/7 .t
+ 1/G, - L— e (Tos+-1—5 at)
7 Mg g 7y JTE

avsanD
where ng = solid viscoslty

Considering Equation 2, Jeffreys (1) has remarked that & substance
follows the firmo-viscous law 4f T = < and the elastico-viscous law if Ty+o.
Further to this, Relner (4) has said that the material will flow indefinitely with
long, contlnuous stresses and that partial recovery on unloading will be gradual,
In case of problems assoclated with simple elastic selids, the materlal behaviour

could be determined by writing G{ 1 + Tk =)/ (1 + ‘TE]E%) for G, so long
as squares of the displacements can be neglected.

An approximately simply elastic body has a large T _and a small Ty and
has G 1+ Ty (d/dt) - 1/T, (d/dt}] for G. The damping of surface waves
resulting from earthquakes suggests that elther T, =750 sec and Ty = 0 or
Ty = 0.004 and T;y = = (Relner, {4)). In the rocky shell, approximately, Tp,
is greater than 8 x 10% gec, Ty = 0, 004 sec, G = 1.7 x 10*2 dynes/cm?, and

n=5x 1040 poiges.

Rana (5) has Indicated a value of the coefflcient of solld viecesity of a
Queenston limestone at about 5 x 1(_)1rir poises,

Terry and Morgane (8) have studled the rheolegical properties of ceal,
based on the Burger's model, uging a sonlec method. However, they have mostly
been concerned with the variation of retardation time of elastic waves, when
passed through coal specimens, with frequency. Thelr approach can be extended,
with some modification, to determine the coefficient of equivalent viscosity of
rocks by a sonlc method.

If we assume that Burger's body closely approximates the rock behavi-
our, the attenuation of sound waves travelling through a sample would depend on
the viscous losses associated with the opening and closing of the dashpot in the
Kelvin component of the model. An attenuation congtant is defined such that the
amplitude of a sound wave falls to _L_th of its initial value after travelling a
distance % in the material. The I?elationship between this coefficient of atten-
uation and the retardation time Ty, associated with the dashpot in the Kelvin
component of the model, has been shown (Terry, (7)) to be:

2 2
2w2Tkka- 2 w w
——E—-—-—— = _-Ez— - p 7 =0 seveal
8
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where 23;— = frequency
¢ = wave velocity
¢ = density of the material
and Eg = Young's modulus resulting from the combination of the similar

moduli, arising out of the gprings in the Maxwell and Kelvin components of the
Burger's bedy.

Eg can be determined by the sonic method or mechanically,

For a vibrating rod of a material under test, if f, ie the resonance
frequency and Af is the differenee between the two frequencles which correspond
to a variation at half of the developed mechanical power at resonance, a mech-
anical quality factor Q can be defined as:

Q = fo/ af >4 and 7
Terry (7) has shown that:

le= Sin bt (i Lol -
o

where 1 = lengtb of red,

Equation 7 indicates that a mechanical quality factor can be calculated
if the resonance frequency and the damping factor of a sample are known. Then,
Equation 8 can be used to evalnate the coefficient of attenuation « , if the length
of the specimen and the velocity of propagation of sound waves are determined.
Consequently, Equation 8 can be used to determine Ty for a sample,

Now, fellowing Kolsky (2) , a coefficient of equlvalent viscosity can be
computed, uslog the relationship:

qs = ES.Tkk ..-..9

It should be obvious irom what has been presented above, that the co-
efficient of equivalent viscosity refers to the Internal friction of a material, which
In turn, has been variously called as the “'epecific damping capacity", or the
"gpeclific loss',

Preparation ond Description of Somples

Ten drill core samples were tested for this investigation., EX Cores
{(7/8-in. diam) were uged and most samples were cut to a length of12 in. Gen-
erally, a length to radius ratio of about 10:1is considered gatisfactory in sonic
testing of rock samples, since the correction factor produces a percentage error
lesg than 0. 25 per cent, which can be neglected (U.S.B.M, R.I. 3881, 1946).
This ratio, for tbe core samples used in this investigation, is 13,7:1 and the
percentage error should, therefore, be less than 0.25 per cent.
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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,
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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.
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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.
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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.
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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).
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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.

269



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,
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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
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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, )

References

(1) DBerry, D.S,
19635-64: Ground movemcent considered as an elastic phenomenon,
Trans, Inst. Min. Eng. no. 37, v. 123.

{ 2) Salamon, M, G.
An introductory mathematical analysis of the movements and
stresscs induced by mining in stratilicd rocks. v.8, Bull,
no. 3 Series, Straia Control, Research no. 16, Univ.
Newcastlec-on-Tync .

( 3y Litwinizsyn, J.
1957: The theories and model research of movements of ground
masses, Proc. Eur, Cong. on Ground Movement, Leeds.

( 4) Tincelin, .
1558 Conclusions de mesures de pression de terrain. Ixtrait
de la thése Pressions et Déformalions de Terrain dans lcs
Mines dc Fer de Lorraince,

{ 5) North of England Safety in Mines Research Commiltee
1948-49: Seventh progress report of an investigation into the causes
of falls and accidents due to falls. The improvement of
woTrking conditions by the controlled fransference of roof
load, Trans, Inst. Min, Eng., v. 108,

{ 6) Denkhaus, I, G,
1964: Crilical review of sirala movement thecries and their
application to practical procblema, J.Scuth Airican nsi. of
Min, and Met., v. 64, March.

{ ™ Dreyer, W.
1564; Die Bedeutung von Modellversuchen an Salzgestein fir die
Beurteilung gebirgsmechaniker Problemc imm Kaliberghau
{(Bergukademie Pt. 3)

{ 8¢ Coates, D. VT,
19645: Pillar loading. Dept. of Energy, Mines and Resources,
Ottawa. Research Reports 168, 170 and 180.

{ 9y Jacobhi, O,
1956: The pressure on seam and goaf, Int. Strata Conirol Congress
Essen.

283



(10}

(11}

(12)

(13)

(1)

(13)

284

Tincelin, E. and 8Sinou, P.

1960:
Wardell, K,

1965:
Wilson, A.H.

1962:

Potts, E, L, J.
1964:

Collapse of areas worked by the small pillar method.
Practical conclusions and an attempt to formulate laws for
the phenomena observed. Int. Conf. on Sirata Control,
Paris,

Surface ground movements associated with the total and
partial extraction of stratified mineral deposits. M.Sc.,
Thesis, Univ, Nottingham.

The measurement of rock stress. Coll. Guardian,v. 204,
no, 5258, January,

The influence of time dependent effects on the design of
mine piliars. Int.Bur. of Rock Mech. 6th Internat. Meeting,
November.

McClain, W,C,

1964;

A study of the strata movement in the partial extraction of
potash. Ph.D. Thesis Univ. Newcastle-on-Tyne, December,

Proust, A. and Grard, C.

1966:

Utilisation, dans le Rassin du Nord et du Pas-de-Calais,
des mcthodes d'cxploitation partielle. Revue de 1'Industrie
Mincrale, Seplember.



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}
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& = subsidence (i)
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n = number of panels
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S a 330 4.25 44 0. 087 16 0,46 470 2.0 48
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Figure 3. Diagram showlng maximurm
width of pressure arch for

different depths of working,
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Figure 6. Graph showing correlation between observed subsldence and
calculated average loading for examples of panel mnd pillar
workings.
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