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1. INTRODUCTION

One of the simplest methods of measuring rock-mass
movements produced by mining, is with a borehole extensometer.
The basic principle of the measuring system is to anchor one end
of a wire at a predetermined depth in a borehole, and the other
end to an extensometer at the borehole collar. Tension is
applied to the wire through the extensometer and measurements are
taken of the relative axial movement between the wire and the
borehole. In other words, the length of the borehole is compared
to a constant length of wire. Where more than one wire is
installed, the intermediate anchors have holes drilled through
them to allow free passage of the longer wires. In this way
movement at different depths in the borehole can be evaluated.

. The wires generally used are stainless steel, 0.030-
inch or 0.049-inch diameter, or flexible stainless steel cable
0.019-inch diameter. The borehole anchors are set hydraulically.
A typical layout of an extensometer borehole with anchors and
wires is shown in Figure 1. Four anchors and wires are installed
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Figure 1: Layout of Anchors and Wires in a Borehole




at depths of L, Lz, Ls and I, from the borehole collar. -‘The
axial strain between adjacent anchors is calculated as shown
in Figure 1, and the strain rate is obtained by dividing the
strain values by the time interval between each set of
measurements.

- Although this measuring system is basically simple
there are a number of errors, such as those produced by friction
and temperature changes, which can affect the measurements. If
these errors are significant and not recognized then the
measurements obtained are misleading.

Presented in this paper are:

a) The sources of error associated with extensometer
measurements, their likely order of magnitude and means

of reducing or eliminating them.
b) A method of calibrating extensometers in the laboratory.

c) A procedure for taking measurements in-situ.
2. FACTORS AFFECTING THE ACCURACY OF EXTENSOMETER MEASUREMENTS

Extensometers are mainly used to measure two types of
rock movement: that produced by change in stress, resulting in
a relatively small deformation of the rock-mass; and that
produced by fracturing, resulting in relatively large movements
due to opening and sliding along cracks, faults and joints.
Obviously the accuracy of the measurements needs to be greater
in the first case than in the second.

The overall accuracy depends on the combined effect of
individual errors in the measuring system. The factors which
produce these errors are:

a) Friction in the extensometer and between the wires,
borehole and anchors.

c) Change in temperature.
c) Change in physical properties of the wire.

d) Change in sag of the wire.




In some extensometer systems only a few of these
factors affect the measurements, while in other systems all of
these factors have an effect. 1In order to obtain an acceptable
overall accuracy of measurement it is simpler to evaluate the
magnitude of the individual errors and to devise means of reducing
them. It is suggested that the overall error should not be more
than .010 inch for measuring movement due to change in stress and
not more than .050 inch for measuring movement due to fracturing
of the rock. Therefore, the individual errors should not be more
than .002 inch and .0l10 inch for the two types of rock movement.
These arbitrarily chosen levels of accuracy are probably
sufficient for the present and can be improved upon as the
measuring techniques improve. As will be shown in the following
sections, these accuracies are easily achieved for short
measuring lengths. In this respect, the deformation due to
change in stress is rarely measured in boreholes over 100 feet in
length, whereas the movement of fractured rock is occasionally
measured in boreholes up to 400 feet in length.

2.1 Friction

Tension applied to a wire through an extensometer is
progressively reduced along its length due to the friction in the
extensometer and between the wires, borehole and anchors.
Consequently, the length of a wire is shorter than when a constant
tension is applied along its complete length. This fact in itself
is not important if it can be assumed that the friction remains
constant. However, this may not be the case and it is expedient
to evaluate the importance of the different frictional effects.

2.1.1 Friction in the Extensometer

Friction in the extensometer affects the whole wire
length. The following example illustrates the order of magnitude
of the error due to friction.

Friction in extensometer
Length of wire

Diameter of wire

Elastic modulus of wire

F 1b, assume = 1 1b

I, inches

d inches

E psi, assume = 24 x 10° psi

Change in stress 'c! acting on the wire due to friction,

o = F tesosececsessss(BEqe 1)

T g
L




This produces a change 'AL!' in length of the wire where,
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Figure 2: Effect of Friction in the Extensometer




. Figure 2 is a graphical presentation of Equation 2,
showing the change in wire length produced by a friction of 1 1b
for wire 1epgths up to 200 feet and two wire diameters. This
change in wire length is the error that would be produced if the
friction changed by 1 1b between one reading and the next. The
dotted lines in Figure 2 indicate the 0.010-inch and 0.002-inch
error limits. The effect of 1-1b friction becomes significant:
for the upper limit at wire lengths of 15 feet and 38 feet, and
for the lower limit at wire lengths of 3 feet and 7 feet for wire
diameters 0.030 inch and 0.049 inch respectively.

This example clearly indicates that to obtain errors.
less than 0.010 inch for wire lengths over 38 feet the friction
in the extensometer must be reduced well below 1 1b, and for
errors less than 0.002 inch the friction must be almost eliminated.
The effect of friction may be reduced by using a larger diameter
wire, or by vibrating the extensometer to momentarily separate
any sliding parts. However, neither of these methods gets at the
source of the problem. The best method of reducing friction is
in the design of the extensometer. -

There are usually two separate measuring systems
incorporated in an extensometer: one measures tension applied to
the wire, and the other measures wire movement. Some common
methods of applying tension are through a compression or extension
helical spring, a cantilever, a dead weight, a NEG'ATOR* constant-
tension spring, and a NEG'ATOR constant-torque spring. A dial
gauge or vernier is used to measure ‘eflection of helical springs,
and strain gauges to measure cantilever deflection. Wire movement
can be measured with a dial gauge, a micrometer, a precision screw
thread, or electrical transducers for remote readout. Some
extensometers incorporate the spring and wire movement in one
measurement. This necessitates a knowledge of the spring constant
(i.e. 1lbs exerted per inch deflection), and the elastic modulus of
the wire, so that the two movements can be separated. The method
of doing this 'is given in Section 2.3. :

Most of the friction in extensometers is developed by
guides for helical springs, and tie bars sliding through bearings.
Figures 3(a), (b) and (c) show three tensioning devices -
where friction can significantly affect the measurement. 1In (a)
friction is produced between the piston and tube surrounding the
compression spring. In (b) friction is produced between the -
sleeves on the spring balance and also between the tie rods and

ta

* Hunter Spring Co. Trademark.
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sliding plate. ;n (c) friction is produced between the tie bar
and the compression spring and between the tie bar and housing.
Also where the length to diameter ratio of a compression spring

is greater than_h:} the spring has a tendency to buckle, resulting
in excessive friction. .

Figures L4(a), (b) and (c) show three tensioning device
designs where there is no friction. One method of eliminating
friction is by using extension springs which do not require guides,
as shown in Figure L(a). A cantilever with electrical strain
gauges to measure deflection is shown in Figure 4(b). Compression
springs can be used if they have a relatively large diameter,
and are compressed by an internal rod which is neither in contact
with the spring nor housing, as shown in Figure L(c). All
tensioning devices should be connected directly to the.wire.
Consequently, any friction developed in the rest of the
extensometer only affects the length of the extensometer body
which is much larger than the wire and the effect is negligible.

Using the principles outlined it should be possible to
design an extensometer in which friction does not significantly
affect the measurements. Other errors, such as backlash in gears,
have to be evaluated by calibrating the extensometer in the
laboratory and one method of testing is described in Section 3.

2.1.2 Friction between Wire and Borehole

Where the surface of the wire and borehole are in
contact there is a limited amount of resistance (friction) to
sliding. The force 'F' necessary to overcome this resistance is,

F=IIIN .Q.l.........‘...(Eq. 3)
where, . t = coefficient of static friction,
N = force normal to the contact surface.

The force N is the weight of the wire supported by the borehole.

The following example illustrates the effect of borehole
friction on wire length. -

L inches

d inches .

E psi = 24 x 10° psi
A = .28 1b/cu in
(stainless steel)
Coefficient of friction, steel on rock = g, assume = 0.5

Length of wire supported by borehole
Diameter of wire :

Elastic modulus of wire

Density of wire

I [ T




Weight N supported by borehole = L x % d® x A.
Friction F =z x L x % d® x A.
Decrease in stress ¢ in the wire due to friction,

ZX}\-

N ES %d
= =pu x L xA
d2

X
g = =
L

T
L

Although the friction acts along the whole length of the wire,
for the purpose of calculation, it can be assumed that it is
concentrated at the mid-point of the wire. Therefore half the
length of wire is subjected to an average stress ¢ less than the
other half, which produces a reduction in wire extension AL.

o L _pMP  0.5x .28
A.L—'E 2_ 2E “'2X21+X1m L ----oo(Eq' I.;)
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Figure 5 : Effect of Friction between Wire, Borehole and Anchors




_ Figure 5 is a graphical presentation of Equation i,
showing the reduction in wire extension for wire lengths up to
300 feet gnd.represents the maximum error that can be produced
by the friction between the wire and the borehole. The dotted
lines in Figure 5, again represent the .010-inch and .002-inch
error %imits. In this case the effect of friction becomes
significant at a wire length of 154 feet for the upper limit and
69 feet for the lower limit. Changing the wire diameter has no
effect on the magnitude of the error.

The contact between the wire and borehole can be
reduced -or eliminated by increasing the tension applied to the
wire or by reducing the distance between anchors. In a horizontal
borehole the wires are suspended between adjacent anchors or an
anchor and the extensometer. The curve of equilibrium (catenary
curve) assumed by a flexible wire can be represented by,

x°
y SE}T .o.........-....-....(Eq- 5)

where, y = vertical displacement of the wire relative to
its lowest point, :
x = horizontal distance from the lowest point,
H = applied horizontal tension,
q = weight per unit length of wire.
Also,
t
L 2y H
X:E: Eda)\' ...b-o---ooo(Eq. 6)
L
where, y' = maximum vertical displacement,
L = total length of wire,
d = wire diameter, o
A = density of wire (z d®*\ = q).

:
:
i




"Boreholes are usually confined to four sizes, EX, AX,
BX and NX of diameters 1l.48, 1.89, 2.36 and 2.98 inches. If the
ends of the wire are located in the centre of the borehole, then
the maximum permissible sag is half the borehole diameter. A
graphical presentation of Equation 6 is shown in Figure 6. This
‘graph relates maximum length of unsupported wire, for different
tensions, borehole sizes and two wire diameters. The graph shows
that the length of unsupported wire in a borehole increases with
increasing tension and decreasing wire diameter. There is a
limit to the amount of tension that can be applied to a wire, the
yield strength of stainless steel is approximately 36 1b for
0.030-inch diameter and 100 1b for 0.0,49-inch diameter. Most
extensometers can apply tension between O and 30 1b.

120 -

— —  0-030in. wire diameter —~NX
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- - -
o ”~
/ -
v - -~ - -
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(-
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204
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Applied Tension b

Figure 6 : Maximum Unsupported Wire Length at Different Tensions
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Figgre 6 can be used to determine the tension, wire
diameter and interval of supports which prevents contact between
the wire and borehole. For instance, a 100-foot wire in an AX
borehole at 20-1b tension requires one support for 0.030-inch
diameter wire and two supports for 0.049-inch diameter wire,
while a 4O0-foot wire requires five and eight equally spaced
supports for the same wire diameters. This graph is only
applicable for horizontal boreholes. Sag of the wire,
perpendicular to the axis of the borehole, reduces as the
inclination of the borehole increases. Ultimately for vertical
boreholes there is no sag.

Although the methods outlined reduce or eliminate the
friction between the wire and borehole this transfers the friction
to between the wire and anchors or supports, which is discussed
in the following sub-section.

2.1.3 Friction Between the Wire and Anchors

The total weight of the wire, provided it is not in
contact with the borehole, is supported by the anchors and
extensometer. The wire sliding over the anchors will produce
friction and the effect on wire length can be calculated using
Equation 4, except in this case the coefficient of friction (metal
on metal) will be approximately O0.Z2.

Therefore,

0.2 x .28
T2 x 24 x 10°

AL I* ........(Eq. La)

Equation 4a is graphically presented in Figure 5, with Equation 4.

In this case the effect of friction becomes significant
at a wire length of 244 feet for the upper limit and 109 feet for
the lower limit. Since small movements due to change in stress
are rarely made over 100 feet, the effect of friction is
acceptable. To reduce the friction in longer lengths of wire the
easiest method is to reduce the coefficient of friction. ?ef}on*
bearings in the anchors would reduce the coefficient of friction
to 0.04. Consequently, the wire length for the upper limit now
becomes 545 feet and for the lower limit 244 feet.

* DuPont trademark.

U P P ——




12

When the borehole is not straight, friction between the
wire and anchors may become important. If the extensometer,
intermediate anchors and end anchor are not in a straight line, a
component of the applied tension is transmitted to the intermediate
anchors. The same result occurs where there are no intermediate
anchors and the wire transmits part of the tension to the side of

the borehole.

A represents the extensometer,
B represents the first anchor,
C represents the second anchor,
D represents the last anchor,

T

tension applied by extensometer,

W, = component of tension applied to point B,
Wz = component- of tension applied to point C,
©1 = angle subtended by points BAC,

2 = angle subtended bv points CBD,

L, = wire length A to B,

L = wire length B to C,

L = wire length C to D,

L = total length = L, + L, + L.

Figure 7: Diagrammatic Presentation of a Non -aligned Borehole

The effect of friction due to non-alignment of the
borehole is shown in the following example. In Figure 7, the
friction F, produced at B due to the component of the applied
tension and the weight of the wire is,

F, = pTsine, +% (Ly + Lz) T d°A .....(Eq. 7)
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and similarly friction F, at C is,

2
Fz = #Tsin®, - p®Tsing, sing, - % sing, (L, + L;) '-Z; d®a

4

% (La + 1) T .eoeeini..(Bq. 8)

where coefficient of friction,
wire diameter,

wire density.

>AEw
oo

In Equation 8, the terms involving g? are much smaller
than those involving g, and the former can be neglected.
Consequently,

F'zﬂTSineg +% (LB + La) % d?')\. o-oo.(Eq- 83.)

If point D moves, then before movement is transmitted
to length Lz the friction at point C has to be overcome which
produces a change in length AL  of Ls;, where,

. B o
. AL ' = E-IéazE (lLTSlnez + -2' (La + LS) l+ d2>\> -oooo(qu 9)

L

where, E = elastic modulus of the wire.

Before movement is transmitted to L, and the extensomet?r, friction
at B has to be overcome, resulting in a further change in length
AL™ of L; and La, where,

w2 - 2 "L /
5 4"

The total change in length AL is obtained by adding Equations 9
and 10.

T : : 23 |
AL= E&dz_E (Las_lnea + (L2 + L3) 31n91) + 2F (L - L].) L 4--(Eq- 11)

b
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Consequently, provided the profile of the borehole is known the
frictional effects for any combination of tension, wire length
and diameter can be calculated. In a special case where 6, = 63

and Ly = Ly.= Lz = % Equation 11 simplifies to,

AL=H#L [.T_S_]_'rle_l._*, .}‘_L] '.....‘.......(Eq. 1la)

. I g® 3
L
when, for example, £ = .0L, teflon to steel,
) E =2h X 106 pSi,
T = 20 1b,
e = 5%,
d = oOl]-g inCh)
A = .28 1b/ cu in.

then AL for a 100-foot wire is .002 inch and for a 4LO00-foot wire
it is .01l inch. These are acceptable errors, but it emphasizes
the need to have low-friction bearings to support the wire.

.2.1./, Friction Between the Wires o

In multi-wire boreholes it is often observed that if
one wire is pulled the other wires tend to move as well. This is
due to the wires being intertwined, partly caused by the natural
curvature of the wire. The tension applied to one wire is
partially transmitted to other wires. 1In an extreme case the
wires would behave as a wire rope.

It is impossible to theoretically calculate the effect
of intertwining of wires on the accuracy of the measurements,
other than to say the effects are likely to be large. Therefore,
it is advisable to eliminate all contact.between the wires, by
having a separate hole in the anchors for each wire and, if
necessary, spacers between anchors. At present, a maximum of
five wires are installed in an AX borehole (1.89-inches diameter)
and usually only four. When readings are being taken on one wire,
if the other wires have small tensions applied to them, this
would tend to straighten the wires and keep them out of contact.
It is important that anchors and wires be installed in a borehole
without any rotational movement, otherwise the wires will be
twisted.
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2.2 Change in Temperature

To obtain the true movement of a borehole, correction
factors must be applied to compensate for the change in length
of the borehole and wire, due to change in temperature.
Underground the change in borehole temperature is usually minimal,
except where the boreholes are situated in intake airways.
Boreholes drilled from the surface will be subjected to seasonal
temperature variations. Closed-end boreholes will be affected to
a depth of approximately 25 feet (perpendicular to the surface),
below which the temperature remains reasonably constant. - Open
boreholes will be affected . over their complete length due to
natural ventilation.

The error produced by change in températuré can be
calculated, using

AL=LT8 ..ieveeeeeenn.(Eq. 12)

where, AL= error,
L = wire length,
T = change in temperature,
f = difference between wire and rock

coefficients of linear expansion.

Figure & shows a graphical presentation of Equation 12.
A 10°F change in temperature on a 200-foot wire with a difference
in coefficient of linear expansion of 2 x 108 /°F will produce an
error of .048 inch. If the wire coefficient of linear expansion
is greater than that of the rock, for an increase in temperature
the measurements will show an apparent borehole shortening, and
if the rock coefficient is greater the measurements will show an
apparent borehole lengthening. The coefficients of linear
expansion for some common types of rock and stainless steel wires
are given in Table 1. ’

To reduce the temperature error, the coefficients of
linear expansion of the rock and wire should be matched as far as
possible. Table 1 shows that in general, the coefficients of
linear expansion of stainless steel wires are greater than those
for the common types of rocks. Certain nickel-iron alloys, such
as invar, have very low coefficients of linear expansion and it
may be possible to use these alloys for rocks with low coefficients.
These arguments assume that the rock mass is free to expgnd with
increasing temperature. However, if the rock is constrained then
thermal stresses will be induced.

A O e, v s
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TABLE 1 .

Coefficients of Linear Expansion

Mean Coefficient of Linear
Expansion x 107¢ /°F

Rocks*

Granites and rhyolites
Andesites and diorites
Basalts, gabbros and diabases

Le5

L.O

3.0
Sandstones 5.5
Quartzites 6.0
Limestones Le 5
Marbles L.0 ;
Slates 5.0
Salt and potash 21
Stainless Steels
AISTY 446 27% Cr 5.5
AISI 403 12% Cr 6.1
AISI 420 12% Cr over .15% C 6.8
AISI 310 25% Cr 20% Ni 3.5
AISI 305 18% Cr 12% Ni 9.5
Invar 65% Fe 364 Ni 1.0

* From Handbook of Physical Constants, S.P. Clark, Jr. (Editor),
Geological Society of America.
+ American Iron and Steel Institute.

In closed boreholes the effect of temperature in the
first 25 feet of wire can be compensated for by installing a
wire at this depth. The apparent movement measured on this wire
is subtracted from the movements measured on the other wires.
Consequently, the reference points for the measurements would be
transferred from the collar of the borehole to a depth of 25 feet.
Open boreholes, where the temperature variation may well be in
the order of 30-60°F, should be plugged at one end to stop the
natural ventilation, after which they will be affected to a depth i
of only 25 feet. g

¢

T e TR W
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The total movement of the borehole, including
temperature effects, can be measured by installing two wires,
with different coefficients of linear expansion, at each anchor.
The method of calculating total borehole movement is,

first wire, y; = LToq + x +evee..(Eq. 13)
second wire, yz = LT + x ......(Eq. 13a)

measured movement on first and second wires,

where, y; and y:z
total movement of the borehole,

o u

X
oy and otz coefficients of linear expansion of first and
second wires,
L = wire length,
T = change in temperature.

These equations can be combined to

-

=°‘3Y1 - *1Y2
(ot - =)

cecesceansccass(Eqg. 14)

If the first wire is stainless steel (%; = 8.5 x 10~¢/°F) and the
second wire is Invar (*; = 1.0 x 10-6/°F)>Equation 1, becomes

1 .
X="7:-§(8.5 Va2 —yl) ...o-.--o(Eq«- 148.)

Consequently, a knowledge of the actual change in temperature is
not required to calculate the movement. This method of temperature
compensation reduces the number of measurements, since to avoid
wire interference only four or five wires can usually be

installed in one borehole.

2.3 Change in Physical Properties of the Wire

Stainless steel is usually considered to have a constant
elastic modulus of 28 to 30 x 10° psi. However, this is not the
case for stainless steel wire, which is usually supplied by the
manufacturer in coils. At low tensions part of the apparent
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stretch of the wire is the straightening of the natural curves of
the wire which results in an apparent lower elastic modulus.
Figures 9(a), (b) and (c) show the results of laboratory tests

on a b4-foot length of 0.049-inch- and 0.030-inch-diameter
stainless-steel wire, and 0.0l8-inch-diameter stainless-steel
cable. Tests were performed on the solid wires, both in the as-
received coiled condition, and after they had been pulled

through a wire straightener. This straightener consists of two
sets of nine pulleys mounted at 90 degrees to each other. i

Figure 9(a) shows the results for the 0.049-inch-
diameter wire. In the coiled condition at a tension of 4 1lb the
apparent elastic modulus is 8 x 10° psi. The modulus increases
with increasing tension until above 15 1b it appears to reach an i
asymptotic value of 24 x 10° psi. After using the wire o 4
straightener the elastic modulus was approximately constant at i
2L, x 10° psi over the range tested (4 1b to 30 1b). The results 3
for the 0.030-inch-diameter wire, Figure 9(b), were almost P
identical for both the coiled and straightened wire, with an !
apparent elastic modulus of 24 x 10° psi. Tests on the 0.018-
inch nominal-diameter flexible cable, Figure 9{(c), indicate that
between tensiong of 4 1b to 14 1b the apparent elastic modulus
increase from.10 x 10° psi to 11 x 10° psi. In addition the
moduli on the loading cycle are different from those on the
unloading cycle. )

These results indicate only constant-tension .
extensometers can be used with flexible stainless-steel cable.
For solid stainless-steel wires, those with relatively large’
diameters should be straightened on site before being installed
in a borehole. . Alternatively, the initial tension applied to a
wire should be sufficient to produce a constant. elastic modulus.
The minimum tension that should be applied can be estimated from
the laboratory tests. Taking values of 15 1b and 5 1b for the
0.049-inch- and 0.030-inch-diameter wires gives applied stress
values of 8000 psi and 7000 psi. Therefore, taking a slightly
higher minimum stress value of 10,000 psi produces the following
minimum tension values for wires of different diameters:.

Wire Diameter Minimum Applied Tension H
inch. 1b s
0. 020 ‘ 3
0.030 -7
0.040 13
0.050 .20

0. 060 28
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The variation in elastic modulus does not affect
extensometers which apply a constant tension, but only those
where tension alters with wire movement. In these instruments
the measured movement is a combination of the movement of the
wire minus the change in wire stretch. The true movement can be
calculated using the following equation:

CL

LLEY-
— d*E
L

X =y [:1 + ]< cevescesecesss (Eq. 15)

true movement (inches),

measured movement {inches),

spring constant (1b/in deflection),
wire length (inches),

wire diameter (inches),

elastic modulus of wire (1b/sq in).

where,

| 1 (I

HaHOY X

The term in the brackets is usually referred to as the correction.
factor.

Figure 10 shows a nomograph relating wire length, spring
constant, wire diameter, elastic modulus and correction factor.
The error produced by variation in elastic modulus is illustrated
in the following example. Suppose that the elastic modulus was
assumed to be 24 x 10® psi and that at the start of the measurements
it was actually 16 x 10° psi. Then for a 100-foot wire, spring
constant 10 1b/in and wire diameter 0.049 inch the correction
factor applied to the measurement would be 1.26L, whereas the
actual correction factor should be 1.398. This produces an error
of 10.6% in the initial movement measured on the wire. This
example clearly illustrates the necessity of either straightening
the wire or using tensions at which the elastic modulus is
constant.

There is little information in the literature on the
creep properties of stainless-steel wires at room temperature.
Most of the information concerns high temperatures (1000°F) and
at stresses approaching the yield point. Since maximum stresses
of about 50,000 psi are applied to extensometer wires, and the
yield point of 310 stainless stqel is about 185,000 psi, creep is
not considered an important source of error. : ~
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2.1, Sag of the Wire

As mentioned previously (Section 2.1.2) a wire suspended
between two horizontal points hangs in a catenary curve. The
horizontal distance between the two end points is less than the
length of the wire. As the tension is increased the sag of the
wire reduces and its length approaches the same value as the
horizontal distance. This error does not affect constant-tension
extensometers, since sag of the wire is always the same. However,
variable-tension extensometers do produce a change in sag of the
wire, and the methods of calculating this error are as follows.

For single suspended length,

28 1 1
AL:% (-'I?z, - Eg—) sesssseceses (Eq. 16) -

For uniformly spaced supports;

V B pe
AL=£iLj(3L_3L).““.””.m@ 17)

2L ™ T3
where, AL= error, ,
/ = distance between support,
L = total wire length,
q = weight per unit length- of wire,
T, = initial tension,
Tz = final tension.

This error due to change in sag is complicated by the fact that

the wires are in contact with the borehole and consequently are

not freely supported. However, an estimate of the freely supported
length can be obtained from the catenary equations by calculating
the maximum length which does not touch the boreholes, for a
particular tension and borehole size.

, The following example illustrates the order of magnitude
of the error due to sag.

1st Case ¢ 2nd Case
Wire length 100 feet unsupported 100 feet supported
at 25-foot intervals
Wire diameter 0. 049 ian 0. 049 ingp )
Wire weight 5.3 x 107*1b/in 5.3 x 107 1b/in

Max. deflection 1 inch 1l inch

"l

S
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Table 2 gives the incremental error for every 2-1b increase in

tension between 2 1b to 30 1b,

also the cumulative error is

tabulated..
TABLE 2
Error Due to Sag of the Wire
Tension | 100 feet unsupported 100 feet supported
(1b) 25-foot intervals
Incremental | Cumulative | Incremental | Cumulative
error error error error
(inch) (inch) (inch) (inch)
2 .00L5 .0L62

L . 0020 .00L5 02,2 . 0L62
6 .0012 . 0065 . 0151, . 0704
10 . 0006 . 0085 . 0039 . 0929
12 . 0005 . 0091 . 0023 . 0968
1 . 0004 . 0096 . 0015 .0991
16 . 0003 . 0100 . 0010 . 1006
18 . 0003 . 0103 . 0007 .1016
20 . 0002 . 0106 . 0005 .1023
22 . 0002 . 0108 . 0004 .1028
2L . 0002 . 0110 . 0003 .1032
26 . 0001 .0112 . 0003 .1035
28 . 0001 .0113 . 0002 .1038
30 .011,, . 1040

This example shows that relatively large cumulative

errors can result from sag of the wire, especially if the wire

is supported at intervals along the borehole. The incremental
errors decrease significantly with increasing tension. Therefore,
for a 100-foot unsupported wire the minimum starting tension
should be about 8 1b, whereas for a 100-foot wire supported at
25-foot intervals the starting tension should be about 18 1b.
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LABORATQRY CALIBRATION OF EXTENSOMETERS

The theoretical considerations discussed in the previous
sections have indicated sources of error which are potentially
important and their order of magnitude for various types of
extensometers and borehole configurations. It is also advisable
to calibrate the extensometers in the laboratory to determine
their accuracy under certain controlled conditions.

To simulate a borehole a number of 20-foot lengths of
2-inch-diameter steel pipe were connected together and a stainless-
steel wire installed in the pipe. To one end of the pipe a
mechanical arrangement was attached, which was capable- of moving
the wire over a range of 1 inch and measuring the movement to
.001 inch. The extensometer was connected to the other end. The
wire was moved in constant increments, away from and towards the
extensometer, and the response was measured on the extensometer.
Various lengths of wire could be tested by removing lengths of
the steel pipe. In this way the actual and measured wire movements
can be compared and the results statistically analysed to
determine the accuracy. The accuracy was taken as '+2 standard
errors of the estimate! from the regression line of actual against
measured movement. The friction present in the -extensometer can
be obtained from the lag in extensometer response when reversing
the direction of movement of the wire.

Figure 11 shows the calibration curves and accuracies
of two types of extensometers; one which applies a constant
tension; and the other where tension varies with wire movement.
Wire lengths of 20 feet, 4O feet, 60 feet, 80 feet and 100 feet
were used in the calibration, and the results for the 100-foot
wire are shown in the graph. The calibration curve for the
constant tension extensometer is linear and the measured movement
is almost identical to the actual wire movement. For the variable
tension extensometer the measured movement is less than the actual
wire movement due to the stretch of the wire with increasing -
tension. Consequently, only a fraction of the wire movement 1is
measured, which is one disadvantage of this type of instrument.
Also the loading and unloading cycles are not the same due to the .
friction in the extensometer. The horizontal difference be@ween
the two curves (lag) is proportional to the amount of friction
and wire length.
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The lower graph in Figure 11 shows the accuracies of
the two types of extensometers for different wire lengths. The
constant-tension extensometer had a constant accuracy of +.002
inch for all wire lengths, whereas the variable-tension
extensometer had an accuracy of +.002 inch at 20-foot wire length
ranging to #.010 inch at 100 feet. The inherent accuracies of
both extensometers (accuracy at zero wire length) is about +.002
inch. The change in accuracy of the variable-tension extensSometer
is due to friction in the extensometer and to the increase in
the correction factor with increasing wire length.

L. PROCEDURE FOR IN-SITU READING OF EXTENSOMETERS

Accurate, repeatable readings on extensometers usually
cannot be obtained just after the wires have been installed in a
borehole, unless the wire has been pulled through a straightener.
Otherwise, a relatively high tension is applied to each wire over
a period of approximately two weeks, which tends to straighten
and also dispose of the permanent stretch of the wire. This is
the only procedure that can be applied to extensometers which are
permanently connected to the wires. The following procedures
refer to extensometers which are intermittently connected to the
wires.

Before taking readings the tension on the wire should
be cycled a few times between zero and a high tension. Then the
tension should always be smoothly increased to the standard value,
otherwise there will be hysteresis effects in the wire and
frictional effects in the extensometer. Three separate readings
should be taken, if they are not within acceptable limits more
readings are taken and usually the highest and lowest values are
neglected and an average calculated.

It is useful to take readings at two standard tensions.
The difference in reading at these two tensions should be the
same every time a set of readings is taken. A small change could
mean that the frictional effects in the borehole have altered,
while a major change could indicate that the wire 1is obstructed
or the borehole has sheared andcclamped the wires. The location
where the obstruction occurs can be estimated using the equation,

L = TT;_%—T:T % A°E ceeceeecesss(Eq. 18)

4.




28

where, L = wire length, distance from collar to location of
obstruction,
Ty = first tension,
Tz = second tension,
x = stretch of wire for increase of tension T; to Tz,
d = wire diameter,
~E = elastic modulus.

It should be noted that some extensometers measure the movement
of the spring as well as that of the wire. The stretch of the
wire is obtained by subtracting the spring movement from the
measured movement.

An actual in-situ example of this technique is shown
in Figure 12. Immediately after installation the plot of wire
stretch against wire length is linear, which indicates a good
installation with no wire obstruction. The elastic modulus can
be calculated from the gradient of this line and is 23 x 10° psi.
Any subsequent reading which falls below this line indicates
obstruction of the wire. Whereas, readings above the line
indicate that the wire was obstructed at the lower tension but
became free at the higher tension, and the measurement at the
higher tension is the correct one. :

T The second set of readings after 27 days show that the

84-foot wire was obstructed at about 67 feet, while the other
. wires were still free. After 68 days the 84-foot wire was
obstructed at 54 feet, the 65-foot wire at 46 feet, and the 4L5-
foot wire at 37 feet, while the 25-foot wire was still free.
This obstruction was caused by fill tailings penetrating the
fractured rock and blocking the borehole. Since the wires are
effectively shorter than they were at installation less wire
stretch takes place which would indicate an apparent expansion of
the rock-mass. The technique of taking measurements at two
tensions prevents erroneous interpretation of the results.

Occasionally helical springs in extensometers change
their loading characteristics due to repeated loading and relaxing.
These springs should be periodically recalibrated, the easiest
method being to hang a weight on the spring, equal to the
standard tension, and compare spring deflections.
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Figure 12: Example of the Interpretation of Extensometer
Measurements Using Two Tensions

5. CONCLUSIONS

Rock-mass movement is generally measured with borehole
extensometers. It is recommended that it be attempted to measure
the movement of fractured rock to within an-accuracy of .050 inch
and the movement due to change in stress in continuous rock to
within .010 inch, in which case the individual errors produced
by various factors should be kept to within .010 inch and .002
inch respectively. The theoretical conditions discussed in this
report have indicated those factors which are potentially
important, and methods of reducing or eliminating their influence
have been suggested. ¢

!
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In summary the main points are:

1. Friction in the extensometer affects the whole length of the
wire and must be almost eliminated to obtain accurate
measurements. This is best achieved in the design of the
extensometer by having no guides for springs and by
connecting the tension measuring devices immediately to the

wire.

2. The error produced by friction between wire and borehole
becomes significant above wire lengths of 69 feet and 154
feet for the two accuracy limits and can be reduced or
eliminated by increasing the tension or number of supports
for the wire.

3. Friction between the wire and anchors only becomes significant
when the borehole is not straight and a component of the
tension is applied to the anchors. The resultant error can-
be reduced to acceptable limits by using anti-friction
bearings where the wires pass through the anchors.

L. Intertwining of wires can produce excessive friction and must
be avoided by permanently separating the wires at each anchor
and at the borehole collar. ,

5. Change in temperature affects both the length of the borehole
and wire, and can produce large errors. Boreholes drilled
from surface are affected to a depth of 25 feet below which
the temperature remains almost constant. In most cases the
temperature variations can be corrected for by installing a
wire at 25 feet and subtracting the movement on this wire from
the movements recorded on the other wires. Another method
is to match the coefficients of linear expansion of the rock
and wire so that both expand or contract the same amount. To
obtain the movement of the borehole, including that produced
by temperature, two wires with different coefficients of
linear expansion are connected to each anchor.

6. The apparent elastic modulus of wire increases with increasing
tension due to straightening the wire from its natural
curvature. This affects only variable-tension extensometers
and the effect can be substantially reduced by passing the
wire through a wire straightener. Variable-tension extensometers
are also affected by change in sag of the wire. Consequently,
the initial tension should be high enough to reduce the error
to acceptable limits.




"S

31

Laboratory calibration of two extensometers showed that the
one which applies a constant tension to the wire has the same
accuracy for wire length up to 100 feet, while the variable-
tension extensometer becomes less accurate with increasing
wire length. The inherent accuracy of both extensometers

pesﬁed (i.e. for zero wire length) was approximately +.002
inch. ' -

8. As a general principle, constant-tension extensometers are
preferable to variable-tension extensometers as they are
subject to fewer sources of error.

9. The procedure for taking readings should be identical each
- time a set of measurements is taken. Also it is useful to
read at two different tensions, since it prevents erroneous
interpretation of the results and indicates the location
where wire obstruction occurs.

Once the location and length of a borehole is decided
together with the required accuracy, it should be possible to
evaluate the errors which are likely to be important. Using the
equations and graphs in this report the order of magnitude of
the errors can be estimated. Then the type of extensometer,
tension, wire diameter and the various methods of reducing these
errors can be decided and implemented.




Abstract

The problem of pillar stability at an iron mine
was investigated by measuring field and pillar
stresses, pillar deformation, sonic velocity and
microseismic activity. Extensometer measure-
ments of pillar deformation provided the most
useful information on the extent of load
transfer and stability of the pillar. These
measurements in conjunction with the ob-
served cases of pillar cracking indicate that the
structural-weakness (fault and joint} planes are
the main factors affecting stability. The in situ
measurements of stress and deformation are
compared to those calculated from a finite-
element model, in an attempt to establish an
analytical method of prediction.

Introduction

In 1963 a cooperative rescarch program was
established to carry out rock mechanics studies
at the MacLeod Mine of the Algoma Steel
Corporation. The objective of the work was to
obtain basic information on the load, and
deformation characteristics of the existing mine
pillars, which would- assist in the solution of
the problems of mining at a greater depth. It
was recognized that the results of any such rock
mechanics investigations would only provide
supplementary information that could be added
to existing mining experience.

During the last six years a number of
measuring techniques have been tried. Stress,
deformation, microseismic and sonic measure-
ments have been taken at several locations in
the mine. This served the dual purpose of
gathering data relevant to pillar stability and of
evaluating the effectiveness of the measuring
techniques in this mine. In many cases the
‘measurements were designed to be comple-
mentary; for example, pillar cracking should be
picked up by the extensometer, and by micro-
seismic and sonic measurements.

In this paper the stress, deformation, micro-
seismic and sonic measurements are summa-
rized and compared. The case histories of pxllars
which have shown visible signs of cracking have
been compiled, since these pillars show the first
signs of instability. An analytical model, based
on the theory of elasticity and using the
finite-clement technique, has been constructed
to investigate the stress and deformation
characteristics of a pillar as mining takes place.
These stresses and dcformations are compared
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to those measured in situ. Using all this
information the critical parameters controlling
the load applied to, and support offered by, the
pillars can be more fully understood.

Description of the Mine
Algoma Ore Division of Algoma Steel Cor-
poration operates both an underground mine
and an open pit at Wawa, Ont., on the south-
western end of the Michipicoten iron range.
The combined production from both opera-
tions is about 3,250,000 gross tons of siderite

ore per year. ‘

Geology .
The Michipicoten iron range, which con-
tains all the presently known orebodies, lies
within a complex asscmblage of Precambrian
volcanic and sedimentary rocks. The siderite-
pyrite orebody is bounded on the hangingwall
by a volcanic series and on the footwall by a
banded iron formation. '
Structurally the orebody lies on the south
limb of an cast-to-west-trending syncline which
has slightly overturned toward the north and
plunges 40 to 60 degrees castward. Thrust
faults dipping 15 to 30 degrees south have
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displaced the ore zones northward and up. Two
major thrust zones, separated vertically by 500
to 700 feet, arc known to exist. These thrust
zones considerably influence stope and pillar
dimensions. The orcbody dips geacrally at 70
to 80 degrees south but the flat thrust zones
produce an overall dip of about 65 degrees.

In the central part of the orebody two
steeply dipping diabase dikes intrude along
major fault planes striking northwesterly, as
shown on the plan of the M1 level, Figure 1.
This major structural feature offsets tiie west
and east section of the mine by about 300 to
400 feet. The mining zone terminates to the
east at another diabase dike where major
faulting displaces the iron formation.

Method of Mining

The George W. MacLeod mine has been
developed along a strike length of one mile to a
depth of 2,000 feet. The orebody is mined by a
sub-level, longhole, open stope-and-pillar
method. The main levels are driven on 300-ft
vertical intervals and sub-levels on 75-ft centres.

Stopes are 60 to 75 ft along strike and usually
230 ft high. Pillars are 75 to 80 ft along strike
and take. the form of an inverted letter ‘L’. The
crown pillar overdlies the adjacent stope and
extends to the level above. The stope and pillar
dimensions in some sections of the orebody
differ from the above because of geological
structures, intrusives and grade considerations.
" A stope is normally blasted, over a period
of several months, in rings 5 ft apart. The pillars
arc taken out in two large blasts, first a 15-ft
slash then the remainder of the pillar.

The dimensions of the MacLeod orebody
and the overlying mined-out Helen orebody are
such that large openings are created, The
comparatively low grade of the ore precludes
the use of back-filling and consequently the
mining sequence is planned to take advantage
of natural caving of the hangingwall. At pre-
sent, in the west section of the MacLeod mine,
the ore has been removed over a strike length of
about 800 ft to a depth of 1,000 ft, as shown in
the longitudinal section, Figure 1. Caving of the
hangingwall and ore lost through dilution has
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provided a cover of about 200 feet of broken
rock over the active workings.

It was expected in the carly planning stages
that the hangingwall would slough readily, but
expericnce now indicates that the hangingwall
will stand up vertically over the spans mined to
date. Consequently, it is now the intention to
leave four semi-permanent pillars, two in cach
of the cast and west sections of the mine. These
pillars will be approximately 225 feet wide at
about 800-foot centres and extend from the
top to the bottom mining level.

The overall mining sequence is planned to
retteat east and west from the centre of the
orebody, with the east and west mining faces
on any level being 500 ft ahead of the mining
faces on the level immediately below. Con-
sequently, from the point of view of ground
control there are no open stopes below active
mining operations.

Measuring Techniques
The longitudinal section of the mine, Figure
1, shows the locations at which measurements
of stress, pillar deformation, sonic velocity and
microseismic activity were taken. The general
methods of measurements are outlined in the
following sections.

Stress :
An overlying technique was used to deter-
mine the stresses acting on the orebody; the
principle being that-the rock, when the stresses
are removed by overcoring, relaxes and the
magnitude of the relaxation is proportional to
the stresses originally acting on the rock. By
measuring relaxation in three orientations in a
‘borehole and knowing the elastic properties of
the rock, the magnitudes and directions of the
principal stresses can be calculated for the plane
perpendicular to the axis of the borchole. This
method of measurement gives the stress values
at the time of overcoring but does not give
directly the increase in stress resulting from
mining. The USBM deformation meter was used
as the sensing device and the change in diameter
of an EX borehole was measured when over-
coring with a 6-in. dia. bit.

Extensometer

' Borehole extensometers measure the rela-
tive movement between the collar and a point
in the borehole. Usually the rock movement is

the result of mining and it is measured over a
period of time.

Both bolt and multi-wire extensometers
have been used at the mine. The bolt extenso-
meter consists of a rock-bolt shell and rod
anchored in a borchole. The end of the rod
protrudes through a sleeve at the borehole
collar, and a dial gauge measures the movement
between rod and sleeve. A separate borehole is
required for each bolt. With the wire extenso-
meter, as many as four wires can be installed in
one borchole. The longer wires pass through
holes drilled in the anchors. The extensometer
is intermittently connected at the borehole
collar and measures the relative movement
between wire and borehole.

Sonic

This technique -involves a measure of the
transit time of a compressional sonic wave
between a transmitter and a receiver probe
anchored in two boreholes. A signal is gene-
rated by tapping a pipe connected to the
transmitter, and the transit time is measured by
means of an oscilloscope. The velocity of soun¢
through rock is basically dependent on the
elastic propertics of the rock; however, the
velocity can be considerably altered by the
structural-weakness planes in the rock mass.

Microseismic

The Seismitron is an instrument for de-
tecting sub-audible noises in rock. Used in its
simplest form a geophone is lowered into a
short borehole and the number of amplified
sounds, as heard on earphones, is recorded over
a certain time interval. In an-area where the
background level of noise is constant, any
increase in the number of sounds is an indica-
tion of increasing stress and possible instability.

Results of the Measurements

Stress

A program of measurements was under-
taken to determine the field stresses acting in
the orebody and the pillar stresses. It was
expected that stress values, representing an
order of magnitude, could be obtained from a
few observations. This involved certain assump-
tions including a homogeneous stress field
around the orebody and elastic behaviour of
the rock mass. ~

The locations of the stress measurements
are shown on the longitudinal section, Figure 1.
Measurcments were made at different locations
in the borchole to a depth of 20 ft to define
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the stress concentration, and results from the
bottom part of the hole were used. The stresses
of greatest interest are those acting parallel and
perpendicular to the axis of the pillars and
conscquently parallel and perpendicular to
strike of the orcbody. For practical purposes,
all holes were horizontal and measurements
were made in a vertical plane,

Pre-mining ficld stress parallel to strike was
measurced in a borchole drilled in hangingwall
tuff. The site was on the M2 level near the
shaft, 1,500 ft from the ncarest mining and
some 1,300 ft below surface. A maximum stress
of 6,500 psi dipping 20 degrees to the east was
obtained. A similar measurement was made, on
the same level, 4,000 ft to the cast in footwall
iron formation. Mining had been completed
300 ft above and 700 ft to the west of the site.
An average of 5,000 psi between 10 and 20 ft
in the hole was obtained for the maximum
stress which dipped 10 to 20 degrees to the
east.

Another borchole was drilled in the foot-
wall iron formation to measure stress perpendi-
cular to strike of the orebody. The maximum
stress was of the order of 4,000 psi acting
perpendicular to the walls. '

Pillar stresses of the order of 2,500-to 3,000
psi perpendicular to the hanging wall and foot-
wall were measured in pillars 242 and 251. The
mining geometry for both sites was similar in
that an opening of about 200 ft existed on one

side of the pillar and a 60 ft open stope on the -

other. In addition, a borchole was drilled on the
M2 level directly below pillar 242, In this case a
maximum stress of 5,000 psi was measured
perpendicular to the hanging wall and footwall.

The vertical field stresses were found to
vary between 1,700 psi and 2,900 psi. The
gravitational load is of the order of 1,400 psi at
all locations.

The data indicates that vertical stresses can
be double the gravitational load; horizontal
stresses are greater than the vertical; and the
stress parallel to strike is greater than the
perpendicular stress. Hence, if the data is
accepted at face value, previous tectonic history
rather than depth provides a more logical
explanation for the observations.

On the other hand, the measurements ob-
tained here are not conclusive, Departures from
the original assumptions do occur, A high stress
concentration around the mine opening and an
arca of uniform stress beyond was not always
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obtained. Planes of weakness in common mine
rocks arc considercd to be a major contributing
factor. Weakness planes on the scale at which
the instrumentation operates produce large
fluctuations in results,

On the basis of this work the concept of an
average stress ficld around the orebody is
retained. The principal stress acting parallel to
strike is of the order of 5,000 psi, the inter-
mediate stress acting perpendicular to strike,
2,500 to 5,000 psi, and the minor principal
stress acting vertically, 1,500 to 3,000 psi. Other
sources of information must be used to estab-
lish whether the mcasurements are adequate.
Discontinuitics in rock appear to be a signifi-
cant factor in producing fluctuating results,
This implics that measurements should be made
with much closer geological correlation.

Extensometer

In general, the purpose of the borehole
extensometers was to measure the deformation
of a pillar as mining takes place in the vicinity. .
Of specific interest were the nature and order of
magnitude of the movement, the locations in
the pillar where the movement occurred, and
the distance over which mining affected the
pillar. The locations of the extensometer sites
in. pillars 242, 251, 163 and 228 are shown on,
the longitudinal scction, Figure 1, and the
enlarged individual sections and plans for each
site in Figure 2.

The measurements taken in pillar 163 gave
a comprehensive picture of pillar deformation.
Extensometers were installed from a central
crosscut and measured at intervals along the
three axes of the pillar. Measurements started at
the beginning of mining and ended with the
pillar being blasted out. The graph of total
deformation of pillar 163 is shown in Figure 3.
These three curves represent the movement in
each direction of the end measuring points
relative to cach other. A record of the time over
which the stopes were mined and pillars re-
moved is given below the time axis of the
graph.

It is possible to relate, qualitatively, pillar
deformation to mining activity from this graph.
Between hanging wall and footwall, mining of
the adjacent stopes 162 and 164, and the 163
pillar slash, produced appreciable deformation
(compression), whereas mining stope 166 and
pillar blasts 157, 159, 161 and 165 had no
significant effect. The individual measurements




along this axis showed that the major move-
ment took place at the centre of the pillar and
there was little movement at the hanging wall
and footwall. This indicates a stress parallel to
strike considerably higher than that perpendi-
cular to strike.

The expansion mecasured in the vertical
direction incrcased slowly while mining stope
164, 165 pillar blast, and 163 pillar slash. The
individual measurcments showed that the
expansion was almost totally confined by 15 ft
above and 30 ft below the crosscut, and the
movement between roof and floor of the
crosscut was also expansion. These obscrvations
could result from a compressive stress acting
between hanging wall and footwall, higher than
the vertical stress. Also the open stopes, above
pillar 163, will have partially diverted the
gravitational load to the hanging wall and foot-
wall.

Relatively large expansion was measured
between the east and west sides of the pillar
during the mining of stopes 162 and 164. The
first pillar blasts 157, 159 and 161 had little
effect, but 165 pillar blast and 163 pillar slash
as well as mining stope 166 resulted in consi-
derable expansion. It would scem that expan-
sion on the east and west sides of the pillar
during and after the mining of stope 166 was
mainly due to the disturbance caused by
blasting rather than the transfer of load, since
no significant movement was measured between
hanging wall and footwall during the mining of
stope 166 and the 165 pillar blast.

The profiles of lateral expansion across
pillar 163 in the east-west direction are shown
in Figure 4. Most of the expansion was con-
fined to the outside of 14 ft of the west side of
the pillar during the mining of the adjacent
stope 162 (curve 1). The largest deformation
gradient, indicating possible cracking, was be-
tween 9 and 14 ft from the pillar edge. This
pattern of movement was repecated during the
initial mining in stope 164 and the 161 pillar
blast (curve 2). On the completion of mining
stopes 164 and 166 and the 165 pillar blast, the
expansion of the 14 ft at the west side of the
pillar increased appreciably (curve 3) indicating
definite cracking within this zone. Also expan-
sion occurred on the cast side of the pillar with
the maximum deformation gradient being with-
in 10 ft of the pillar edge. During all this mining
activity the central 50 ft of the pillar remained
relatively undisturbed. However, there was a

gencral overall expansion when a 15-ft slash was )

taken off the cast side of pillar 163.

Extensometer bolts were installed in the
west side of pillar 228 (Figure 2) after stope
229 on the cast side was ncar completion.
Beyond pillar 230 the opening span was 400 ft
to pillar 236. Above pillar 228 the stopes and
pillars had been mining out. The extensometers
measured the lateral expansion of the pillar as
stope 227 was mined and pillars 230 and 236
blasted. Curves 4, 5 and 6 in Figure 4 show the
profile across the west side of the pillar, Curve
4 is after the 230 and 236 pillar blasts and
curve 5 after stope 227 had been partially
mined. These two curves indicate that the
major expansion was taking place within 5 ft of
the centre crosscut with little movemeft in the
rest of the pillar. At this time a diagonal crack
was observed running the general direction
northwest to southeast which intersected the

5-ft extensometer bolt. On completion of

mining in stope 227 (curve 6) there was an
overall expansion of the west side of the pillar
with the edge moving about 3/4 in., indicating
intensive cracking of the pillar.

Measurements of lateral pillar expansion
were taken in both the east and west directions
in pillar 242, as pillar 244 and stope 241 were
mined (Figure 2). The pattern of movement
was similar to that obtained in pillar 163,
although the magnitude of the expansion was
much less. Extensometers installed in the east
side of pillar 251 recorded very little expansion
during the mining of stope 252 (Figure 2).

The measurements of lateral pillar expan-
sion show that the movement is closely related
to nearby mining and takes place along pre-
existing joint and fault planes. These geological
weakness planes are probably the determining
factor conceming pillar sloughing and instabi-
lity. A structural geological study has been
undertaken in pillars 167 and 228 representing
the east and west sections of the mine (G.
Herget, private communication). It was found
that in the east section the joint frequency was
much greater than in the west. In addition, the
two major joint sets in the east were oriented
parallel to the pillar sides and perpendicular to
the dip of the orebody, whereas in the west the
two major sets of joint and fault planes were
nearly vertical and extended diagonally across
the pillar. Conscquently, the pattem of pillar
deformation is likely to be different in the east
and west scctions. In the east, as exemplified by
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pillar 163, lateral expansion is concentrated at
the sides of the pillar and the rock expands
toward the open stopes. In the west, as exenr
plified by pillar 228, shearing movement takes
place along a diagonal fault or joint which
intersects the centre of the pillar.

Sonic

Sonic velocities were mcasured in the 228
pillar near the extensometer site. It was ex-
pected that cracks would develop in the pillar
as load and confinement were altered by
mining. Sonic velocity decreases in fractured
rock and the measurements over a period of
time could indicate dcveloping pillar instability.
Consequently, measurements were repeated at
three- to four-month intervals at each location
in the piltar.

Two rings of probe holes were drilled 15 ft
on either side of the bolt extensometer. Each
ring consisted of 6 ft vertical, 25 ft horizontal
and two intermediate inclined holes. This con-
figuration provides a number of transmission
paths of which 16 were chosen; most of these
were parallel to the three axes of the pillar.

During the period of measurement, the 230
and 236 pillars were removed and the 227 stope
advanced. The extensometer measurements
showed (Figure 4) that a diagonal crack devel-
oped which intersected the 5-ft bolt and also
the transmission path of the sonic pulse. How-
ever, the measurements of sonic velocity varied
by less than 10% during this period. Eventually,
one sct of holes was cut-off by the diagonal
crack.

Transmission time is measured to within 5%
by the oscilloscope. The field work was done in
an active mining area where the background
noise level was high and it was difficult to
obtain accurate and consistent measurements.
Consequently, a difference in sonic velocity of
less than 10% is interpreted as not being
significant,

p B —— —

The average velocities measured parallel to
the pillar axes are given in Table 1. Previqus
work in the laboratory established that the
longitudinal-wave velocity in siderite was of the
order of 18,500 — 20,000 ft/sec. The measure-
ments obtained in the present series of tests are
slightly higher than those obtained in intact
rock (no discontinuity) in the laboratory.

Although the sonic apparatus is designed to
measure  longitudinal-wave velocity, transit
times are quite often nicasured, which seem to
give rcasonable values for the shear-wave velo-
city. Thesc values are also given in Table 1.

Using the average longitudinal- and shear-
wave velocities, Poisson’s ratio was calculated
to be 0.23. The elastic modulus of the rock,
which is related to the longitudinal-wave velo-
city and Poisson’s ratio, was calculated to be 17

X 106 psi. The clastic modulus obtained for

siderite from compression tests on small samples
in the laboratory, ranges between 13 and 21 X
106 psi, which is the same order of magnitude
as that obtained from the sonic tests.

In summary, the sonic measurements indi-
cate no general dcterioration in the pillar rock.
The one isolated crack which developed did not
result in any significant change in sonic vclo-
city. The velocities measured along the three
pillar axes are consistent and give reasonable
values for the elastic constants of siderite.

Microseismic

Four sites were established in pillar 242 to
monitor microseismic activity. These consisted
of a 5-ft hole drilled into the pillar wall. Three
sites were located on the same level, one at the
centre of the pillar and the others in two
outside comers. A fourth site was located at the
base of the pillar some 100 ft below.

Blasting of pillar 244 immediately to the
east resulted in a 50% increase in the number of
noises. This increased activity continued for
about three wecks in the pillar corner facing the

TABLE 1
Results of Sonic Tests
\ Along Nom}al Vertical Average
Strike to Sirike
Path length, feet . 15 30 10
Longitudinal-wave velocity, ft/scc 20,865 19,974 20,218 20,350
No. of readings 7 16 6
Shear-wave velocity, ft/sec 11,151 12,352 12,630 12,040
No. of readings 6 4 1
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blast and for one to threc weeks at the other
sites. Lower noise counts were obtained at the
base of the pillar than at mid-height. Subse-
quently the noise counts declined until the
pillar was removed.

Measurements were made in an upper level
to monitor stability of an unsupported section
of the hanging wall. Between 50 and 100 noises
were recorded in different 10-minute intervals.
The noise level remained constant and failure in
the wall was not observed.

- Another series of observations in a crown
pillar at the bottom of the mined-out area
produced counts of the order of 250 noises/10-
minute interval following a 9,000-ton pillar
slash.
linearly in the following two months until the
pillar was removed.

The technique was applied here to monitor
the stability over large distances, say 100 ft or
more. Although the measurements are easily
obtained they are difficult to interpret, where
the problem is on such a large scale. One of the
problems is that the measurement is largely
subjective. The operator must choose between
the various tones and loudness of the noises
without knowing the origin and, hence, signi-
ficance of any particular noise.

Theoretical Pillar Stresses and Deformations

At present, any theoretical prediction of
pillar stresses or deformations can only be made
with a two-dimensional analysis. The geometry
of the MacLeod mine does not lend itself well
to a two-dimensional idealization, which essen-
tially requires that the variations in geometry
occur in one plane, with the configuration in
the third dimension being essentially constant,
In spite of the difficulty, analyses have been
made that provide some insight into the re-
actions, due to adjacent mining, that can be
expected in the pillars.

A section, approximately horizontal, has
been taken through the first sub-level of a
typical pillar as shown in Figure 5. By making a
two-dimensional analysis in this plane the im-
plicit assumption is that the geometry is con-
tinuous in the third dimension. However, it is
only continuous for 100 ft above and below
. this section, which is of the same order of
magnitude as the dimensions of the stopes and
pillars. Consequently, load will be diverted
above and below the stopes as well as laterally
to the pillars. The mining of the crown pillars

14
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The noise level declined more-or-less

above the stopes will result in additional trans-
fer of the stresses to the pillars and below the
stopes, it being impossible to transfer through
the mined-out upper stopes. ' _

The stopes and pillars as shown in Figure §
were part of a larger model loaded in the
directions normal (N — S) and parallel (E — W)
to strike. This model was divided up into a
series of finite elements, and the effects of
mining adjacent stopes and pillars on a re
maining pillar were analyzed using the finite-
element technique (Wilson). The sequence of
mining in the model was: stope No. 1, stope
No. 2, stope No. 3, pillar No. 4, stope No. §,
pillar No. 6, and pillar slash No. 7. Based
substantially on tests on the rock substance, it
was assumed that the modulus of deformation
of the rockmass was uniform and equal to 10 X
106 psi with a Poisson’s ratio of 0.2. It was
further assumed that the field stress normal to
strike, S,, was 2,500 psi and the field stress
parallel to strike, S,, was 5,000 psi.

The overall deflection of the walls and
pillars due to the mining of stopes and pillars
No. 1 to No. 6 is superimposed, to an exagge-
rated scale, on the mine section in Figure 5.
The barrelling of the pillar and the bowing-in of
the walls are to be expected. However, the
absolute movement of the pillar laterally is less
likely to be anticipated and must result in a
certain amount of working and loosening of the
pillar. This lateral movement is even greater
during the first stages of mining,

Figure 6(a) shows the. movement in the
pillar along section B — B relative to the pillar
centre at the various stages of excavation. This
graph would be comparable to that obtained
from a borchole extensometer with the collar at
the pillar centre and anchor points at 20, 40
and 60 ft toward the hangingwall or footwall.
These curves are similar to that shown in Figure
3, showing that the deformation from hanging
wall to footwall in pillar 163 increases with
progressive mining of adjacent stopes and pil-
lars. The mining of stopes No. 3 and No. § have
a very large effect (Figure 6(a)) on the deforma-
tion of the pillar, as does the excavation of the
adjacent pillar No. 6. The movement per unit
length (strain), represented by the spacing
between the curves, is greatest at the centre (0
— 20 ft) and decreases toward the walls (40 -
60 ft).

Figure 6(b) shows the profiles of pillar
stress in the direction normal to the walls along
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the section B — B. The profiles show the
increase in stress resulting from successive
excavations and the increasing difference in
stress between the central portion of the pillar
and the zones adjacent to the walls. This stress
difference as well as the increase in transversc
stress toward the walls accounts for the de-
crease in pillar deformation near the hanging-
wall and footwall.

Figure 7(a) shows the displacerhents across
the pillar at section A — A, It can be scen that
excavations No. 1 and No. 2 result in a general
movement of the pillar to the west. Excavation
No. 3 causes an even greater movement to the
west as well as a large increase in the expansion
between the two sides of the pillar, Excavation
No. 4 has little effect. Excavation No. 5 results
in a movement back toward the east as well as
increased expansion; excavations No. 6 and No.
7 have similar effects.

Figure 7(b) is a re-plot of the lateral pillar
expansion along section A — A, comparable to
a borehole extensometer with the collar at the
pillar centre and anchor points at 25 and 40 ft
toward the east and west sides of the pillar. It
can be seen that mining stopes No. 3 and No. 5§
on either side of the pillar produced most of
the expansion.

Figures 7(c) and 7(d) show the profiles of
axial pillar stress across the pillar at sections A
~ A and C — C. The stress pattem is different
at the two sections; at A — A the stress is
highest at the centre and decreases toward the
pillar sides, whereas at C — C it is completely
the opposite. It is interesting to sce the conspi-
cuous decrease in pillar stress at the west side of
+ the pillar, section A — A, resulting from mining
the adjacent stope No. 3. Then with the mining
of stope No. 5 on the other side of the pillar
these low stresses are increased to give a
symmetrical distribution across the pillar.
Curiously, the mining of pillar No. 6 results in a
relatively large increase in stress on the west
side of the pillar contrary to the results of
mining stope No. 3. The transverse stress along
section A — A was found to be reduced to zero
after the excavation of the adjacent stopes No.
3 and No. 5. Along section C — C the restraint
coming from the walls was found to be suf-
ficient to preserve a considcrable portion of the
original stress parallel to strike in the central
part of the pillar.

Table 2 shows comparative figures obtained
from field measurements of the longitudinal

~

compression and lateral expansion. The mea-
surements arc by borchole extensometers
(BHE) and the predictions by the finite-element
analysis (FE). The predicted figures are ob-
tained from the above analysis using the
incremental deformations resulting from the
mining of whichever excavatijons No, 1 to No. 7
are cquivalent to the actual block that was
excavated. Furthermore, the results from the
finite-element analysis are adjusted to corres-
pond to the actual measuring lengths in the
pillar.

The measured and predicted results for
pillar 163 given in Table 2 are separated into
two groups: the total measuring lengths (106 ft
N — §, and 68 ft E — W) and over the central
portion of the pillar (45 ft N—Sand 38 ft E —
W) which is relatively unaffected by the con-
straint of the walls and the zones of cracking at
the sides of the pillar. ‘

For the overall movement, the mining ot
stope 162, pillar 159 and the first stage of stope
164 produced poor agreement for the lateral
east-west expansion but good agreement for the
longitudinal north-south compression. The
mining of blocks 161, 166, second stage of 164,
165 and 163 pillar slash caused the differences
between measured and predicted movements to
converge in the east-west direction and diverge
in the north-south direction.

The measurements in the east-west direc-
tion started a month after those in the north-
south direction during the mining of stope 162.
Consequently, part of the east-west expansion
was not measured. If the comparison is made
for the mining of block 159 onward then the
measured expansion is always greater than the
predicted expansion, i.e. after mining pillar 165
the measured movement is 0.30 in. and the
predicted movement is 0.22 in. This means that
the measured movements might include non-
clastic deformation, possibly due to the open-
ing of cracks and joints as deduced from the
profiles of laterial expansion shown in Figure 4.

The movements measured in the central
portion of the pillar show poor agreement in the
east-west direction. After mining of stope 162
no significant east-west expansion was mea-
sured until the second stage of mining in stope
164, and there was a large expansion with the
163 pillar slash which probably caused cracking
throughout the pillar. The predicted move-
ments show a general increase in expansion for
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' TABLE 2
Longitudinal Compression and Lateral Expansion of Pillars
Due to Adjacent Mining of Blocks at the MacLeod Mine,
Measurements vs Predictions

Block Dispts L — W Disp’tsN - S
Pillar oc i
Site Excavated BHE**  FE***  BHE**  FE*** b:ia:::‘:;g
in. in, in. in.
163 162 0.06 0.21 0.09 008 N-S106ft
159 0.08 0.21 0.10 011 E-w6sft
164* 0.10 0.28 0.17 0.17
161 0.10 0.30 0.18 0.33
166 0.20 0.34 0.22 -10.37
164* 0.28 0.41 0.27 043
165 ° 0.36 0.43 0.27 0.59
163 0.37 0.65
163 162 0.03 0.14 ©0.11 004 N-S45ft
159 0.02 0.14 0.12 006 E-Ww38ft
164* 0.02 0.17 0.16 0.09  Central
161 0.02 0.19 0.17 0.16 portion of
166 0.02 0.22 0.19 0.18  pillar
164* 0.05 0.25 0.22 .0.21
165 0.06 0.27 0.23 0.28
163 0.18 0.27 0.29 0.30 }
242 241, 244 0.10 0.09 E-W48ft
251 252 0.01 0.04 E-wa0ft
East side

* Stope 164 mined in two stages, assumed predicted displacement equally divided between stages.

** Measured by borchole extensometer.
*** Predicted by finite-clement analysis.

all stages of mining with the 163 pillar slash
being a notable exception.

Although there is overall agreement be-
tween measured and predicted movements over
the 45 ft in the north-south direction the
individual increase for each bleck in some cases
do not correspond. The measured movements
show that adjacent stopes 162 and 164 and the
163 pillar slash produced the major movement,
whereas the predicted movements show that
the mining of pillars 161 and 165 should also
have produced significant movements. The
possible causes which could produce these

- discrepancies are discussed at the end of this

section. ¢

The deformation measured in pillar 242
resulting from the mining of blocks 241 and
244 is in close agreement with the predicted
movement. The comparison for pillar 251 is
not as good although the order of magnitude is
thf} same, Movements measured in pillar 228
(Figure 4) are not included in Table 1 since

most movement was concentrated at a weak-
ness plane and is not predicted by this finite-
element analysis. : .

The comparison between measured pillar
stresses and those determined by the modetl are
shown in Table 3. For the assumed field stress
(So = 2,500 psi, Sy = 5,000 psi), it can be seen
that the measured stresses are roughly half the
predicted stresses. The fact that there is three-
dimensional transfer of stresses around the
actual pillars undoubtedly is a major reason for
these differences.

In spite of this probable explanation, fur-
ther analyses were made varying the field stress.
These cases might be considered as producing
two-dimensional conditions equivalent to the
actual three-dimensional transfer; in other
words, only a fraction of the field stress is being
transferred into the pillar, the other part being
diverted above and below the stopes. It can be
seen that jf field stresses of S, = 1,600 psi and
S; = 4,000 psi are used, the agreement with the
measured stresses is very good. In an alternate
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TABLE 3
Stresses in Pillars at the MacLeod Mine, |

Measured vs Predicted

Pillar Strcsses

Model Excavations

Pillar o
Site to App roximate Measured  Predicted Rem:uks
Actual Conditions . :
psi psi
242 1,3,5,6,7 2600 6000 Pillar breadth 66 ft compared to 80 ft for
' model. Length of stopes 200 ft which is less
than about 600 ft required to fulfill the
conditions for a two-dimensional analysis.
251 1,3,5,6,7 3000 6000 Pillar breadth 60 ft
163 .1,3,5,6,7 3700* 6000 Calculated from Figure 3 at 5§20 days.
3000 3300 So = 1,600 psi, S¢ =4,000 psi.
1400+ 580 So =600 psi, S¢ = 7,000 psi. Note that model

is not a good representation of actual con-
ditions as there should be an additional
block excavated adjacent to No. S represent-
ing pillar 165.

*§=(Aop—pu(Aot+ Acy)) H/E; A 0 =-8,; A0, = 0; H=106 fcet.

case of S, = 600 psi and S; = 7,000 psi the
agreement is not good. The seeming paradox of
the measured pillar stresses, recorded in Table
3, varying with the field stresses is explained by
the fact that deformation is actually measured
from which pillar stresses are calculated using
assumed values of the ficld stresses.

In summary, the finite-clement analysis on
the two-dimensional model predicts movements
and stresses greater than those measured in situ.
Also it predicts that mining of blocks beyond
the immediate stopes on either side of the pillar
have a much greater effect on the longitudinal
north-south stresses and deformations than is
observed in practice. Probably the main rcason
for these discrepancies is that part of the ficld
stress is being diffracted above and below the
stopes instead of all on the pillars as in the
model. This diffraction in the third dimension
would result in a reduction in the pillar stresses
and deformations. In addition, blocks more
than one stope distance away. from the pillar are
nearer to the solid ground above and below the
stopes, and the stress field is more likely to be
transferred over this shorter distance rather than
over the longer distance to the pillar. This would
explain why mining beyond the immediately
adjacent stopes produces very little deformation
in the north-south direction. Other factors which
could explain the discrepancies arc that the
assumed field stresses of S, = 2,500 psi and
S; = 5,000 psi are too large and should not only
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be reduced but also the SO/St ratio increased to
explain the small measured movements near the
hanging wall and footwall. Also, a larger defor-
mation modulus than the value of 10 x 10 psi,
while not significantly altering the stresses,
would reduce the predicted deformations.

In conclusion, it would seem that the
three-dimensional aspects of the, actual situa-
tion makes it difficult to predict accurately
using a two-dimensional model. However, by

" using this model the mechanics of stress trans-

fer and the behaviour of the structure can be
more rcadily understood. At the same time, it is
conceivable that the actual field stresses could
be modified by a reduction factor based on
some kind of simple three-dimensional analysis
the purpose of which would be to determine
the equivalent conditions for a central section
to be analyzed in two dimensions.

Case History of Pillar Cracking

Noticeable cracking has occurred in several
of the pillars mined since underground opera-
tions commenced in 1949. At depths from 800
to 1,500 ft, pillar cracking has caused sloughing
of the pillar walls and in some cases offset blast
holes. Pillar cracking is considered the first sign
of instability, and while the whole pillar is not
in a statc of failurc the tensile and shear
strengths on certain planes of weakness have
been overcome. :




Two arcas in the west section of the mine
(Figure 1), one almost directly above the other,
are examined.

Figure 8 shows the locations of observed
cracks on the H2, M1-3 and M1-2 levels in
Area 1. This area was about 500 feet along
strike with the pillars 225 to 300 ft long
down-dip. Mining proceeded over a period of
22 months with pillar cracking, and sloughing
developing in the final 11 months. The cracks
were of three main types: those parallel and
near to the sides of the pillar, which are
occasionally 1/2 in. wide; those striking in a
northwesterly direction; and those striking in a
northeasterly direction.

After the mining of 127 stope, partial
mining of 125 and 123 stopes and removal of
the 130 pillar, cracking was observed in pillar
128. Extensive sloughing took place from the
sides of the 124 and 126 pillars, which were
probably caused by cracks parallel to the sides
of the pillars. Sloughing was also reported from
the back of the 125 stope and was thought to
be associated with a 15-ft intrusive cutting
across the stope.

Figure 9 shows the locations of the ob-
served cracks on the M1, M2-2 and M2-1
levels in Arca 2. This area was about 1,000 ft
along strike with the pillars 390 ft long down-
dip. A thrust zone separated Arcas 1 and 2. The
direction of the  cracks is similar to that
observed in Area 1.

Stopes 231, 233, 235, 237 and the block
223 to 225 were mined over a period of 54
months before any pillar blasts. No cracks were

_observed during this time. Pillar 232 was

blasted first, followed by a main portion of
pillar 234. Following thesc blasts a buttress left
on the hanging wall at pillar 234 cracked and
sloughed off at the M2—1 sub-level. Pillar 236
was the next pillar blasted which produced a
500-ft-long opening to the east of pillar 230.

The hanging wall section of stope 229 was
then mined, which produced extensive cracking
and sloughing of pillar 230. Cracks up to 1 1/2
in. wide developed in the centre crosscuts on
the first and second sub-levels and numerous
cracks were observed in the hanging wall and
footwall drifts. '

The 230 pillar blast produced prominent
cracks in the 228 crown pillar on the M1 level.
During the mining of stope 227, additional
cracks were observed in pillars 226 and 228,

with the extensometer monitoring the move-
ment of the cracks in pillar 228 as shown in
Figure 4. These two pillars were the last to be
“blasted above the M2 level in the west section
of the mine.

The 41 cracks observed in Areas 1 and 2
can be categorized into three main groups as
shown in Table 4. The cracks parallel to the
sides of the pillars, set No. 1, mainly occur
within 15 ft of the pillar side. These cracks are
probably extension fractures and are directly
related to the lateral expansion of the pillar,
and in some cases result in pillar sloughing. The
diagonal cracks, sets No. 2 and 3, probably
result from shear movement, which occurs
when the frictional resistance is overcome along
the joint and fault planes. These crack sets are
mainly concentrated in the central portion of
the pillar and rarely penetrate into the hanging-
wall or footwall. .

The progressive pillar deterioration can be
visualized as the result of two processes: relief
of stresses at the pillar sides permits extension
fractures in the rock, not necessarily along any
structural weakness planes; shear stresses pro-
duce sdliding between blocks of rocks, the
magnitude, location and initiation of movement
is dependent on the structural weakness planes.
Considering the susceptibility of the diagonal
fault and joint planes to shear niovement, it can

.be deduced that:

1. those planes which intersect both sides
of the pillar have the least resistance;

2. those which intersect one side and either
the hanging wall or footwall require crushing of
the rock or intersecting planes of weakness for
movement to occur; and

3. those planes which intersect both the
hanging wall and footwall have the greatest
resistance. It follows that wide pillars are more
stable than narrow pillars since only planes,
almost at right angles to the direction of stress,
can intersect both sides of the pillar.

The relative magnitude of the stresses acting
parallel and normal to the fault planes will
determine whether movement occurs. Using the
finite-clement method of analysis the stresses

(+]
parallel and normal to the north 30” west and

north 30° east fault and joint systems, were

calculated. Ficld stresses of 1,600 psi (So)
perpendicular to the hanging wall and footwall
and 4,000 psi (S;) parallel to strike were used.
An opening of 340 ft was taken on one side of
an 80-ft-wide pillar and a 60-ft opening on the
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TABLE 4
Details of Crack Survoy

Set No Direction of Cracks No. of Cracks Remarks
1 north *10° } 20 Parallel to pillar sides, not associated with any
prominent joint or fault system;
2 north30° west £15° 12 Associated with a steeply dipping fault system;
'3 north 30° east *10° 9 Associated with a vertical joint system.

other side. The stresses at different locations
along the pillar centre line between hanging wall
and footwall are given in Table §.

A high, parallel to normal, stress ratio (1/0)
indicates the greatest likelihood of shear move-
ment along the planes. The calculated results
confirm that the central area of a pillar is more
susceptible to shear movement than that near
the hanging wall or footwall.

The propagation of pillar cracks has been
observed in several pillars and monitored by
extensometers in two pillars. The measurements
indicate that even during the first stages of
mining around a pillar, movement occurs on the
fault and joint planes and only during the last
stages of mining are the cracks readily visible.
The worst cases of pillar cracking occur where
an opening at least 300 ft long exists on one
side of a pillar and the stope on the other side
of the pillar is being mined, e.g. pillar 230 as
stope 229 was mined and pillar 228 as stope
227 was mined.

These observations on pillar cracking are
only relevant to the west section of the mine. A
preliminary structural-geological study in the
east section indicates that the fault and joint
sets are parallel to the pillar sides. In this case,
lateral expansion and the associated cracks
should be more prominent than the shear
movement along the diagonal faults and joints
experienced in the west section.

Conclusions

The research program provided:

1. information on the usefulness of various
types of instrumentation;

2. an understanding of the pillar stresses
and deformations associated with this method
of mining;

3. data for the development of an ana-
lytical approach for predicting stresses and
deformations; and

4. an understanding of the factors involved
in pillar stability.

Extensometers were found to give the most
useful information on:

1. the stability of the pillars

2. the location and movement at planes of
weakness

3. theextent ofload transfer to a pillar, and

4. an estimate of the increase in pillar stress
due to mining. Stress measurements, with the
equipment used, can give order of magnitude
values and define the directions of the principal
stresses. Sonic measurements can be used to
estimate the elastic modulus and Poisson’s ratio
of the rock mass. At this mine, this method was
not suitable for determining zones of fracture
since cracking was already visible before any
significant change in sonic velocity occurred.
Microseismic measurements indicate working of
the rock, but it is difficult to define the origin
and significance of the noises. It is considered

TABLE 6
Calculated Stresses Acting on Joint and Fault Planes

Both North 30° West and North 30° East Planes

Location
Parallel Stress (7) Normal Stress (o) /o
Hanging wall or Footwall 600 psi 3,000 psi 0.2
2/3 Distance from Centre 900 psi 1,800 psi 0.5
1/3 Distance from Centre 1,450 psi 1,200 psi 1.2
Centre 1,700 psi 950 psi 1.8
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that extensometer measurements provide the
same information and are more easily inter-
preted. -

Extensometer measurements in pillar 163
indirectly confirm the field stress measurements
as to the direction of the principal stresses,
parallel to strike being the major, perpendicular
the intermediate, and vertical the minor.
Measurements in pillar 163 also_indicated that
load is transferred to the pillar while the
immediately adjacent stopes are being mined.
In this location, mining greater than one stope

~ distance from the pillar means that solid ground

is nearer above and below the stopes and the
load will naturally be transferred over the
shorter span. However, this will not always be
the case on the second and third levels and it is
expected that pillars will be affected by mining
over a greater distance as the spans increase.

The finite element analytical model gave
values of pillar deformation and stress of the
same order of magnitude at those measured.
However, there weré a number of discrepancies
due to trying to represent a three-dimensional
stress and geometrical condition as a two--
dimensional problem. The possibility exists of
modifying the actual field stresses to give
equivalent conditions in two dimensions. This

type of analysis may be useful in determining

the shear and normal stresses acting on the
planes of weakness and in conjunction with
in situ measurements provide an estimate of
pillar strength.

The measurements taken at this mine to-
gether with the geological study and survey of
pillar cracking indicate that the fault and joint
plancs of weakness, rather than the strength of
the rock substance are the main factors de-
termining pillar stability. The development of
these cracks is most noticeable where there is a
large opening on one side and mining is
advancing in the adjacent stope. In addition the
number of cracks observed in the pillars on the
second level (Area 2, Figure 9) is greater than
those observed on the first level (Area 1, Figure
8). Consequently, the frequency of cracking
scems to incrcase with depth and may be
indicative of increasing pillar stress with depth.
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