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F oreword 

Through the initiative of Professors R. G. K. Morrison, A. V . Corlett 
and H. R. Rice of McGill, Queen •s and Toronto Universities respectively 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 took the initiative to propose that 
the 4th Symposium be jointly sponsored by the Canadian Institute of Mining and 
Metallurgy and the Committee, supported as previously by the Mines 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
sium was organized by the Committee 's subcommittee consisting of Professor 
A. V. Cor lett, 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 be interested in attending the symposiwn 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. S. A. 
and the Republic of South Mrica. 

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

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

FACTORS INFLUENCING DRILLING RATES 

A. Bauer* ancl P .N. C a(r/er* 

Ahstroct 

An empirical 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 results laboratory 
indentor tests were conducted to study rock failure beneath 
"button" bit inserts, as used in drilling hard rock. 

The results of these teats are described and it is 
shown how a model based on indentor penetration and sub-sur
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, to describe completely the 
relationship between pulldown weight and drilling speed. 

lntrocluction 

In previous articles (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, percussive and jet-piercing 
drills. It was shown how, with improved bit design and larger m acbines, rotary 
drills were extending the range of rock types in which they offered the best 
economics. Today they offer the best economics in most rock types encountered 
in mining. This baa been at the expense of hammer drills and jet-piercing ma
chines, both of which have undergone no major improvement in recent years. 
This paper deals with the factors affecting rotary drill performance. 

*MJning Engineering Department, Queen's University, Kingston, Ontario 
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Th~ lnl/uence of Rode Str~ngth 

Rotary Drilling Equation 

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

R (61 - 28 LogtoSc} x W x RPM 1 ..... 
250 X tP 

where 

R = penetration rate in ft;hr 

Sc = unJaxial compressive rock strength in 
psi x 1o-3 

w = pulldown weight of machine in lb x 10-3 

tP hole diameter in inches. 

Table 1 gives a list of currently available rotary drills with their capa
cities. These machines are all designed to have an operating maximum of 
about 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 metallurgical and 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 1 was used along with an RPM of 60. The com
pressive strength ranges of a few common rocks are also shown in this figure . 
Nearly all rocks mined fall within a compressive strength range of 5, 000 -
50, 000 psi. Figure 2 shows that the larger drills can obtain penetration rates 
of about 25 ft/hr in the hardest of these rocks (50, 000 psi, quartz-magnetite 1 

taconite). This would have been unheard of only a few years ago. 

Drilling rates for conditions other than those of Figu;re 1 can readily 
be calculated using Equation 1, as shown in the following example: 
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Example: 

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

From Equation 1: 

R = 

R 

(61 - 28 X 1. 602) X 50 X 45 

250 X (12-1/4) 

11.8 ft/hr. 

Ji the pulldown weight is increased to 90, 000 lb then the weight per inch 
of bit diameter is 7, 300 lb 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 lb and 90 RPM is: 

R (61 - 28 X 1, 602) X 90 X 90 

250 X 12-1/ 4 

R = 42,6 ft/hr. 

These penetration rates represent the footage drilled during the time 
actually spent drilling. Many operators keep track of drilling rates on a shift 
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, etc. Thus 
the penetration rates on a shift basis in this example would be, 7. 7 and 2 7. 7ft/hr. 

Type 

30 R 
40 R 
50 R 
60 BH 
45 R 
60 R 
61 R 

TABLE 1 

Capacities of some Typical Rotary Drilling Machines 

Machine wt-lb. Max RPM Hole Size-in. 

35,000 90 6-3/4 
45,000 90 7-7/8 
60,000 90 9-7 / 8 
65,000 90 9-7/8 
75,000 90 9- 7/ 8 

100,000 90 12- 1 / 4 
120,000 90 15 
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Machine Characteristics Affecting Drilling Rates 

Pulldov.'Il Weight 

It can be seen from Equation 1 that the penetration rate is directly pro
portional to the pulldov.'Il weight. The maximum pulldov.'Il weight a machine can 
deliver is the weight of the machine itself. Figure 3 shows the weight of ma
chine required to deliver the desired weight per inch of bit for various bole 
sizes. The largest currently available rotary drill is the 61-R which weighs 
about 120,000 lb and can be fitted to drill either 12-1/4- in. or 15-in.-diam 
holes. 

With the trend towards greater bench heights, increased burdens and 
spacings, and larger mining shovels it is apparent that even larger hole sizes 
will soon be in demand. Considering this and the fact that bit design improve
ments will allow for greater pulldowns, then if the present trend continues these 
machines will soon become unwieldy in size if one goes exclusively to increas·ed 
pulldov.'Il weight for increased performance. 

Rotary Speed 

From Equation 1 the penetration rate is also directly proportional to 
the RPM. Thus an increase 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 
compressive 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 problems may be 
encountered. Tests were conducted in taconite up to 100 RPM without encoun
tering any vibration problem, 

From the above considerations, the development of higher speed rotary 
drills would seem to be a better alternative 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 penetration rates shown in Figure 2. Running 
at higher RPMs should have no effect on bit life provided the air system of the 
machine is sufficient for cooli.ng bearings. 

Tne Mechanics of Rock Failure in Drilling 

Drilling is accomplished by the action of a bit against a rock surface. 
The function of a drill bit is to transmit energy from the machine to the rock 
in the most efficient manner. Figure 5 shows a typical three cone rotary bit 
with tungsten carbide inserts. This type of bit is used in bard rock fonnations 
(Sc > 15) , in softer formations steel teeth replace the inserts. Figure 6 shows 
a percussive bit with tungsten carbide inserts. In order to design a bit that will 
give optimum results it is necessary to understand the mechanism by which rock 
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fail s under the action of these inserts (called indentors). Figure 7 shows the 
bottom hole pattern created by a 9-7 / 8-in. tri -cone rotary bit in specularite
maguetite ore. It is apparent that energy is transmitted simply by pushing the 
bit indentors agalnst 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 undertaken to determine the important parameters in drilling. 

Indentor Testing Procedure 

Tungsten carbide inserts were mounted in steel platens as shown in 
Figure SA. The majority of tests were with 9/16-in. -<liam hemispherical or 
1/2-in. --diam blunt conical (see Figure 22) indentors, which are standard in
serts used in various brands of rotary bits. Tests were nm with single, and 
in some instances double and triple hemispherical indentors. A few tests were 
also run using wedges and streamlined l.ndentors. The testa consist of pres
sing the indentors normally into flat rock surfaces using a 200,000 lb Riehle 
Testing Machine equipped With an X-Y recorder to automatically record the 
force-penetration data. The loading rate was • 033 in. ,.luin. Faster loading 
rates, up to 2 in. ,.lnin were run with no noticeable change in the reaul ts. Fig
ure SB shows some typical craters produced l.n Queenstown limestone using 
single hemispherical indentors. Figure 8C shows similar results in Barre 
gran.ite. 

Force Penetration Curves 

Figure 9 illustrates the force penetration data for a series of tests in 
Queenstown limestone. In the QL 7 series a single hemispherical indentor was 
used, and a single conical indentor was used in the QL 8 and QL 9 aeries. 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 increasing slope 1mtil 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 plots for a series 
of tests with a single conical indentor in Queenstown limestone. These tests 
were conducted to a depth of 0. 2 in. Again the tendency for an increasing slope 
to some fixed value was evident. Figure 11 shows the results using a hemi
spherical i.Ddentor, and as in Figure 9 the slope was linear. 

Figure 12 is for single conical indentor tests in New Hampshire pink 
granite, and Figure 1S is for single conical (BG 1) and single hemispherical 
(BG 2, BG 3) tests in Barre granite. It can be seen that in this case the slope 
of the force penetration curve for the hemispherical indentor increased slightly 
to some value from the origin, in a manner similar to the conical indentor in 
limestone. This behaviour is typical of harder rocks. 
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Figure 14 gives the results of tests conducted 1n specularite-magnetite 
ore with a single hemispherical indentor. This rock showed no tendency to re
lieve itself of the load applied. Figure 15 shows the results of similar testa in 
taconite. These curves do contain discontinuities due to stress relief. 

Figure 16 (C2, C4) shows test results obtained using a single hemi
spherical indentor With an insert spacing of 2 in. It can be seen that the slopes 
of the force-penetration curves using the double indentor are approximately 
double the slopes using the single indentor as would be expected . 

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. Figw:e 17B shows the result produced using a 1/2-i.n. -diam 
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 UBing a 3-1/ 16-in. -long wedge of SOC included angle in specularite
magnetite. Here again the slope increased from the origin to a constant value. 

Indentor Crater Characteristics 

Figure 18A shows the crater produced in test QL 6-2. The force
penetration curve for thls teat is included in Figure 11. Notice the peak in the 
force-penetration curve at a load of 8, 000 lb and a depth of • 08 in. This cor
responds to the formation of the large chips surrolffiding the crater centre. 
Figure 18B shows a plan view of the crater folloWing sectioning and chip re
moval, the scale gives an idea of the crater size. 

Figures 18C and D are close-ups of the indentor " seats". The surfaces 
of these are glassy in appearance and have probably undergone some recrystal
lization due to intense pressure. Below this glassy surface is a shell of highly 
compacted material which i s bleached in appearance (Figure 18). Extruding 
from the base of this shell are finger-like wedges of crushed material which 
work their way into sub-surface cracks caused by the stress field set up around 
the indentor. These stress fields will be discussed later. 

ln some tests the block!! split vertically unde1.· the indentor instead of 
forming chips at the upper surface. This problem was eliminated by using 
larger blocks and, in some cases, by setting the blocks in concrete with rein
forcing bare. The mode of failure when these vertical splits formed however 
was quite interesting and gave additional evidence of the formation of zones of 
crushed wedging material. Several of these are shown in Figure 19. 

Figures 20A and B show sectioned views through indentor seats in lime
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 removed. Sub-surface crack 
patterns and discolorations due to crushing are evident. 
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Figure 22 shows bottom, side and oop views of two large limestone chips 
showing their typical shapes. An idealized indenoor cratering model , based on 
the evidence of the previou.e discussion, is shown in Figure 23. 

Rock Penetration Model for Jndentors 

One important conclusion that can immediately be drawn from the in
dentor tests is that, for indentor shapes commonly employed in drilling, the 
force-penetration relation is either linear or becomes linear as penetration pro
ceeds. It is also apparent that indentors "seat" themselves on a shell of highly 
compacted material as the applied load builds up. The result is that the area 
of the indentor rock contact also becomes constant as penetration proceeds. 

Based on this evidence, the following rock penetration model for in
dentors is proposed: 

dF 
dh KA ••.•• 2 

where h depth of penetration 

K rock penetration constant 

F applied force 

A horizontal projection of indentor area 
at depth h 

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

Wedges: 

A = 2 L h tan (6/2) 

where L length of wedge 

8 = included angle of wedge 

K F 
L tan ( 8/ 2) h2 

••••• 3 
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Hemispheres: 

A 11'h (2 r-h) 

for h ~ r 

r radius of hemisphere 

K F 

Cones: 

Let 8 included angle of cone, then 

A == 1r (h tan ( 8/ 2) )2 

K 3F 
1r h tan2 (9/ 2) 

Constant Area 

For an indentor of constant a:rea: 

K _L 
hA 

. ... . 4 

....• 5 

.. ... 6 

K is therefore &imply the slope of the force-penetration curve when it 
becomes linear, divided by the contact a:rea. 

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

Since E 

E 

E 

or: 

= h 
fo F dh 

h 
K.A fo h dh 

Rock Penetration Constant 

. . .•• 7 

Table 2 gives the rock penet1·ation constant K , determined for the va
rious rocks tested from the stable slopes of the force-penetration curves. 
The curved initial portions of the curves can be explained by the dependence of 
A on h, Equations 3, 4, 5, until a constant-bearing a:rea is built up. Log 
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plots of an area under the force-penetration plots versus penetration are linear 
with slopes of 1/2 indicating that Equation 7 is obeyed and A is constant es
sentially since the area under the initial sloping parts is small. The uniaxial 
compressive strengths of the rocks, determined using a l ength-to-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 be used 
to determine the uniaxial compressive strengths of rocks both in the laboratory 
and in situ. 

TABLE 2 

Rock Penetration Constants (K) and Uniaxial 
Compressive Strengths (So) of the 

Rocks Tested 

Rock Type 

Marble 
Queenstown 

Limestone 
Barre Granite 
New Hampshire 

Pink Granite 
Specularite

magnetite Ore 
Taconite Ore 

Rock Failure Beneath Indentors 

4.26 
9,69 

13.4 
18.2 

22.5 

29,0 

So-psi 

5,520 
10,900 

14,300 
19,100 

23,500 

28,700 

The full depth of rock destruction achieved by an indentor is caused by 
its penetration plus the rock fractured beneath it by the stresses it induces. 
The linear relationship of K versus Sc having been established, remains 
to determine the extent of damage due to the stress fields 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 a 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 those induced beneath the tip of a wedge-shaped indentor in 
an elastic situation. Figure 25B shows a point load acting not·mally on the sur
face of an elastic half space. The three dimensional form of Bou.ssinesq' s 
equations give the stresses for this case. These may be taken as an approxi
mation of the stresses beneath a hemispherical or conical indentor in rock. 
Figure 26 shows the stress trajectories for both these cases, 
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Once the stresses beneath an indentor are determined it i s necessary 
to assume a failure criterion in order to predict failure, Equation 10. At low 
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 + <T tan 1/> 

where C = cohesive strength of material 

= angle of internal friction 

(] = normal stress. 

Failure occurs at an angle '11 , as shown, and: 

45 + ¢/2 

Also from the geometry: 

where 

w = 

and 

Sc 

tan2 45 +¢/2 

2 sin rp rr c 
(1 - sin rp) 

..... 8 

.. . .. 9 

..•.• 10 

...•• 11 

The dotted line in Figure 27 represents a modified failure envelope 
which bas the form of a parabola, Equation 11. This type of failure envelope 
should be used where confining pressures are involved ( (1" max). So)· 

Failure surfaces may be defined as surfaces everywhere tangent to the 
direction of failure. The direction of failw·e, 'J! , is given by Equation 8. 
Thua knowing the principal stress trajectories the failure planes are known. 
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 explains 
the shape of sub-surface crack patterns in indentor testing. 

Line Load Case 

In this case Boussinesq•s equations are: 

<Tr = 

a8 

10 

2 F .sin fJ 
Jr r 

0 

..... 12 

..... 13 



The stress distribution is one of simple radial compression. Consider a circle 
of diameter d drawn with its centre along the axis of loading and tangent to the 
surface. At any point on the circle, r = d sin 8 , substituting this in Equa
tion 12, gives: 

u r = 2 F 
7rd 

using Equations 9, 10 and 11: 

d 4F 
(1 - sin¢} So 

..... 14 

This equation defines a cylindrical 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 along 
which failure will proceed as the applied load is increased. It should be noted 
that an infinite force would be required to extend the failure spirals to the 
surface. 

Point Load Case. The failure envelope in this case is r oughly a sphere, 
symmetric about the axis of loading and tangent to the surface, as shown in 
Figure 26B. 

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

(fmin = 0 

ITz = l1max"' ..•.. 15 

Using Equations 9, 10 and 11: 

d - ( 3 F sin cf> 
7TSC (1- sin</>) (w- 1) 

1/2 

) ..... 16 

Multiple Loads. It is possible to calculate the total stress field set-
up when there is more than one simultaneous contact point. However, indent
ora that touch simultaneously in present rock bits are too far apart to reinforce 
one another. 

Rotary Drilling Mode/ 

Based on the indentor test results and analytic considerations just pre
sented, the following rotary drilling model is proposed. 
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The penetration achieved by an indentor pushed into a rock surface can 
be calculated using the rock penetration constant as previously described. In 
addition, the extent of rock fracture beneath the indentor tip can be estimated 
using Equation 16. Ji the spacing between successive points of indentor appli
cation is equal to d , the diameter of the spherical failure envelope predicted 
by Equation 16, the two spheres will touch and thus break a piece out. Ideally 
then, the amount of penetration caused by this action would be d / 2. The actual 
case is more complicated and such things as wedging, discontinuities caused 
by previous indentations, etc., play a part. As an approximation the penetra
tion caused by this factor will be taken as K1d and K 1 will be determined from 
field data. The total penetration H , is then: 

H 

1/2 
K/ 3 F (2 sin</>) ) + h 

\ 271" (1- sin <;b) (Sc (<->- 1)) 
. . .. . 17 

where 

his the indentor penetration calculated using K and, for a hemi
spherical indentor, Equation 4. 

Assuming an angle of internal friction <I> = SO•, which is a good ap
proximation for moat rocks, Equation 17 reduces to: 

H ••.. . 18 

In Figure 28 values calculated using Equation 18 are compared with 
field data. The field data is from 60-R tests at a pulldown weight of 80,000 lb 
and an RPM of 60 using 9-7 /8-in. bits. In order to use Equation 18 the maxi
mum weight acting on an individual compact must be estimated. Referring to 
Figure 5 it is evident that between 14 and 18 compacts will touch simultaneous
ly. The maximum weight per indentor is therefore estimated as: 

F 80,000 
16 

= 5,000 lh 

Using this Figure and K1 , estimated at 0.4, the penetration rate in 
ft/hr is calculated as follows: 

H is calculated using Equation 18. This value represents the thick
ness of the layer of rock removed from the hole bottom during each rotation of 
the bJt. 

ft/hr H x RPM :X: 60 
12 

It is seen that the model fits the field data quite well. 
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Discussion onJ Concl11sion s 

1. It is 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 slopes of indentor force-penetration curves. 

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

3. The force required to cause chipping on the surface of flat undamaged 
samples is 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 c: (!) ••••. 19 

where R is the penetration rate. 

6. The R er: 1 relationship is in close agreement with field data, 
sc1/2 

this accounts for the good correlation in Figure 28. 

7. The R er: yl/2 relationship is not in agreement with observed results. 
Equation 1, based on field data, shows that over the range for which results 
are available, R ex F. 

8. Referring back to item lin this list, it is possible that for the frac-
tured and irregular conditions which prevail at bole bottom chipping is possible 
at the loads available. This would account for the observed high penetration 
rates. Further investtgs,tion should be conducted in this area. 

9. Indentor tests can be performed on rocks, either 1n the laboratory or 
in situ, to give a good estimate of drilling penetration rates and uniaxial com
pressive strengths. 

10. The most promisin.g possibility for a major improvement in drill per-
formance at this time is the use of high rotary speeds In drilling. 
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Figure 2 . 
Penetration rate versus rock 
compressive strength for 
various hole diameters a.t the 
recommended weight per inch 
of bit and 60 RPM, 
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Figure 5. Typical tri-cone rotary bit 
with tungsten carbide inserts. 

Figure 6 . Typical percussive 
"button" bit. 

Figure 7. Right-hand hole pattern produced by a 9-7 /8-iD. tri-cone rotary bit 1n 

specularite-magnetite ore. 
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c D 

Figure 18. A - Close-up of chips around a typical limestone crater, B - Plan of 
sectioned sample showing horizontal wedging, (C-D) Close-ups of 
indentor "seats" in crater showing crushed material and horizontal 
wedges. 
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Figure 21. SecUoned views showing sub-surface cracks due to hemispherical 
indentor loading in Barre granite, (A, B) and Queenstown lime
stone (C, D). 
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Figure 22. Bottom (A-B) , side (C- D) and top (E-F) views of two large chips 
produced by hemispherical indentor tests in limestone. 
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CONTROL OF GROUND MOVEMENT 

AT THE GECO MINE 

R.C.E. Bray * 

Introduction 

The lessons in ground control at the Geco Mine have been learned by 
experience. From the behaviour of the gro1md in the first block of stopes 
mined, certain assumptions were made for the design of the second block of 
stopes. The adverse effects which resulted from this mining program necessi
tated modifications in the dimensions of subsequent stope l ayouts , but also re
sulted in the evolution of a shrinkage-blast hole type of mining which bas 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 1966, a total of 828 ,700 tons 
of copper concentrate 1 688, 600 tons of zinc concentrate and 14, 5 70 tons of lead 
concentrate have been produced from milling 12 1 141, 600 tons of oTe. 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 been described by McLeod (1) , Marshall (2) , and Brooke (8) and 
are therefore dealt with only briefly. 

*Noranda Mines Limited, Geco Division, Manitouwadge, Ontario. 
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Mine Geology 

The paper by Brown and Bray (4) gives a detailed description of the 
geology of the mine and need not be repeated here. Certain features of the 
structural geology which have a bearing on the :m,ining operations are of interest. 

The Geco orebody, in common with other known orebodies of the 
Manitouwadge area, is associated with a dragfold on the south limb of the 
Manitouwadge syncline. This major geological structure, the nose of which is 
about five miles west of the Geco plant, has an easterly phmge, and all the ore
bodies have a similar plunge. 

The Geco ore occurs in a quartz muacoVite schist, having developed 
along an east-west fault which parallels the axial plane of the dragfold. The 
orebody consists of a core of massive sulphides (chalcopyrite, sphalerite, 
pyrite, pyrrhotite) pa.1-tly surrounded by an envelope of disseminated sulphides 
(chalcopyrite, pyrite, pyrrhotite). It forms a tabular mass lying more or less 
vertical, and raking 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 averages 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 
angles to the line of the rake, with copper concentrated at the deepe1· horizons 
and zinc at the shallower. Where the widths are large (1.lP to 200 ft in places), 
blast hole mining is used, but where the ore narrows to 25ft or less it is nec
essary to change to a cut-and-fill method. The differences in the grades of 
the ore being mined are averaged out by random distribution of the crushed ore 
as it is fed into the four 2, 000 ton bins in the concentrator. 

As previously mentioned the host rock for the ore le a quartz musco
vite schist- a metamorphosed quartzite. As a result of the regional folding, 
this schist has a pronounced foliation in an east-west 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, striking generally north-east, 
south-west and dipping west, have also intruded the schist. Later faulting 
along the axial plane of the dragfold has offset these pegmatites. The introduc
tion of the sulphides forming the orebody, filled this fault zone, and although 
fragments of pegmatite are found within the massive sulphide core, the pegma
tite dykes cannot be traced across the massive sulphides. 

Late diabase dykes fill north-south fractures with thebroader dykes 
crossing the orebody, while some of the narrow ones (less than 12 in.) pinch out 
within the ore zone. The diabase is itself extensively jointed, and hence is a 
structurally weak rock. Post-intrusion faulting has cauaed crushing along some 
dyke contacts with the development of gouge. 
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Multiple folding in the ore bearing schist, transverse to the main drag 
folding, aggravates the ground weaknesses 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 1n 
contact with the massive sulphide core. They are, therefore, rarely included 
in a stope, but may form a stope wall. Since the large dykes (over 3ft) are ex
tensively fractured, they tend to slab and break off when exposed over a wide 
surface. By contrast, the massive sulphide core of the oreboqy is relatively 
free from joints and fractures and has been observed standing solidly over hori
zontal lengths of 70 ft and vertical heights of over 300 ft. Thus the structural 
weaknesses of the ore bearing formation consist of: 

(a) Foliation and some faulting in an east-west direction. 
(b) Jointing and minor faulting in a north-south direction. 
(c) Weak contacts along diabase dykes and along quartz diorite/quartz 

muscovite schist 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). 

"A" 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 westofthisdyke. 

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

"C" 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 (strike) length of 1, 000 ft. To date, mining has been carried 
out in "A" , "B", "C", "D", and "E" blocks. The first production came from 
11A" block. Except for a 50-ft-long, 45-ft-high unmtned portion, purposely left 
against the west side of Fox Creek diabase to prevent sloughing of the diabase 
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 extracted from 
"A" block. 

37 



38 

Mining ol "A" B/odc 

Mining of "A" block was accomplished by alternate stopes and pillars 
laid out across the orebody. Most of the stope a (and pillars) were 50 ft in strike 
length, about 300ft high and an average width of about 65ft. The atopes were 
blasted through to surface and pulled empty, then the Intervening pillars were 
blasted into these holes. All the blasting was accomplished In 36 months and no 
pillar was left standing exposed for more th!ID seven months. As was expected, 
some sloughing of the stope walls occurred, and a surface pi llar above the east
erly stopes collapsed. Ft·om a position on the west end of this open pit, the 
gradual disintegration oi this pillar was observed. As a succession of chunks 
(not over 4 cu ft in size approximately) fell from the originally flat stope back, 
a well defined arch was formed. Presumably the nearly vertical inclination of 
the formations prevented the "key stones" oi this arch from resisting the verti
cal forces on them, and eo the pillar collapsed. Since the greater part.of this 
sloughed material was of ore grade, it did not seriously dilute the previously 
blasted ore on which 1t fell. 

Mining of "8'' Block 

Influenced by the successful mining in "A" block, and also by the con
figuration of the orebody, the first stopes to be mined in "B" block were in
creased in length to 70 ft (for optimum economy of stope preparation advances) , 
and in vertical height to 500 ft. 

Six stopes With intervening pillars were laid out, In four of these 
stopes, numbers 10-19.5, 10-21, 10-22 and 10-28.5, the slot was cut out for 
the full height of the stope. This slot blasting started in January 1960 and was 
completed in all the stopes 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 
respectively). The walls of the 21. 5 pillar cross-out on the 850 level, 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 stope. Then in December, the 10-21.5 pillar failed from 
the 7A to the 5A sublevels (the upper half of the ptllar) and the 10-23 pillar was 
reduced in size by sloughing at the 650 level. 

By the next month, sloughing had produced a hole completely through 
this pillar. It must be emphasized here that the rook which sloughed in these 
stopee was mineralized schist of ore grade (Figures 3, 3A, 3B, 3C). 

Corrective action was started immediately. A fill raise was driven to 
surface from above 10-22 stope, and access headings were driven, on all the 
affected levels, around to the south of the atopes. New slots were cut in the un
blaated portion of the stopes to create voids into which the remaining stopes and 
p1llars could be blasted. 



Additional blast hole drilling was also necessary to ensure good frag
mentation when this ore in place would be blasted. 

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 half of the stopes, into the new slots 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 
side of 10-20.5 pillar (facing 10-19,5 stope) had created a breakthrough to the 
p1llar cross-cut on the 650 level but there was very little additional sloughing 
here for the next seven months. Ore was withdrawn from the 10-21, 10-22, and 
10-23.5 stopes during this period. Si.multaneous 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 back continued however, and 
in April 1962, the sloughing took out part of the 450 level cross-cut over 10-20 
stope and part of the 4-22 scram drift, 30ft above the level. 

Within the next two months, all the broken ore had been removed, and 
classified tailings were being poured in to sandpack the coarse rock flll. Al
though a reasonably steady flow of tailings was maintained, the tm.supported 
back on the north side continued to slough until, in October 1963, it had reached 
to 250 level and cut out a section 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 full and the track in the 250 cross-cut was relaid 
over the backfill. This ore recovery and back filling operation has been most 
successful. 

So tightly has the tailings sand packed around the coarse rock fill that 
it has been possible to mine up against it. A cut-and-fill stope at the east end 
of the excavation baa exposed stope backfill which stood unsupported over a 
vertical height of over 10 ft (Figure 9). 

Mining of "C" B/oc:lc 

"B" block mining experience suggested that a stope height of 500 ft was 
too high and that simultaneous mining of four adjacent stopes was unwise. In 
"C" block, therefore, the first part to be mined, the so~alled 30.5 stoping 
block waa 230ft long (strike length) from 40 ft wide at the top, to 200ft wide at 
the bottom and extended ft·om 60ft below the 850 level to 40ft above the 1250 
level, a vertical distance of 300 ft. 
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The 230-ft length waa divided into two 60-ft-long stopes , separated by 
a 110-ft pillar. The two stopes were mined out by the blast hole method and 
pulled empty. Then the central pillar was blasted into the two voids. Waste 
rock, qwu·ried on surface, was delivered to the top of the 30.5 stope by means 
of fill ra:ise and dumped on top of the broken ore. Careful control of the rate 
and sequence of extraction of the broken ore ensured that the broken waste -
broken ore interface descended horizontally and that piping above any one box 
hole was prevented. 

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

Some waste is unavoidably pulled along with the ore, but by careful 
study of the draw zone for each draw-point, the amount of ore to be obta:ined 
can be estimated. In this way, the total number of tons to maintain the ore
waste interface horizontal is estimated. A daily schedule is drawn up and the 
scram operators required to adhere to it. Regular grab sampUng 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 60ft below the 1250 level). These stopes had been 
mined and pulled empty by the time all the broken ore bad been removed from 
the upper section. Blasting of the vertical pillar separating these two stopes, 
plus the horizontal pillar enclosing the 1250 level filled the excavations with bro
ken rock. Dumping of waste waa resumed and ore removal on the 1650 level 
commenced. 

The lower and final section of this stoplng 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 have been pulled from the 30.5 
stoping panel. When the extraction of the ore is completed, cemented tailings 
fill is introduced to sandpack the coarse rock fill. On consolidation, this fill is 
expected to provide sufficient support for blastholemining operations which will 
be carried out on the adjacent panels (Figure 7). 

Grovnd Movement in the 30.5 Stope Areo 

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 10-1 east drift and 10-30.5 cross-cut. The former heading 
Ues 100ft north of the stope , while the latter leads south from 10-1 east drift, 
down the centre of the p1llar (Figure 10). 
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The plan of fi lling 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 
Temoval began at once. The back of the stope was about 100 ft above the muck 
at this time and thls distance had increased to about 125 ft before backfilling 
commenced. During thls period, the cracking, which had been observed before 
the pillar blast, increased as the noTth wall of the stope moved southwaTd 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 20ft of the back, movement on these cracks 
was reduced to measurable but insignificant amounts. By November 1963, all 
the ore had been 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 l'aise 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 
second pair of stopes extending from 40ft above the 1650 level to 60ft below 
the 1250 level were developed, mined and pulled empty on either end of the 110-
ft pillar. This 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 
sill pilhu· (including the 1250 scrams), the ground above the back of the stope 
was reinforced with additional tensioned cable bolts, which were installed at 
10-ft intervals in the sill pillar over top of the stope for the full length. Some 
cable bolts were also installed in holes drllled from the scram above the 850 
level over tb~ 30.5 stope back. Also a 4-ft-thick pad of concrete, reinforced 
with stressed 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 
half 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 sill pillar in one millisecond delay blast, might oauae 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 west stope, filling it to about 80 
per cent capacity. Then the east half of the rib pillar and the 1250 sill pillar 
above it were blasted together. The muck dropped about 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 how
ever, adjacent to the fill raise and the pillar raise at the south wall. Because 
of this, more standard rock-bolts were placed in the back of the stope during 
the lull 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 
18-30.5 rib pillar and the 1650 sill 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 
sill pillar, the caVing around the fill raise was accelerated. It broke through 
the 8-32 scram drift and continued to at least 50 ft above the 850 level. The 
concrete bulkheads in the sill and the scram of the 8-28 stope (west of the 30, 5 
stope) were exposed. Some tensioned cable bolts 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 50ft east and 
west of the raise, the stress bolts held the back and prevented the sloughing 
from spreading. 

Mining in "D" ond "E" Blocks 

Most of the current mining in these two blocks is of the cut-and-f1ll 
type because the ore is narrow and has irregular outlines but is of sufficient 
grade to offset the higher mining cost. 

The present practice in developing a cut-and-fill stope 1s to cross-cut 
from the service drift to the orebody, then drive a raise up to 30 ft alongside 
the ore. From the top of this raise, a subdrift is driven along the ore for the 
full length of the stope. A small scraper is used to slush 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 necessary, the walls of the subdrift are 
slashed to the ore limit. Knowing the details of the configuration of the ore, it 
is now possible to drive a straight tramming drift and then put up manway and 
millhole raises to the sublevel as required. Under-cutting, arc-gate, air
operated chutes are installed at the bottom of the mlllholes. 

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

The first two lifts 1n the stope are r emoved by horizontal breasting and 
the void f1lled to within 10ft of the back with classified mill tailings. Towards 
the end of each pour, a small amount of cement Is added to provide a firm floor 
for scraping 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 slabbing is arrested. 

Methods ol Boclc ond W11/l Support 

Rockbolting 

Conventional , expansion shell, rock-bolts are used extensively through 
the mine to strengthen the backs and walls of development headings and cut-and
fill stopes. Experience has taught that a 4-ft- long, 5/8-in. diam, high strength, 
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steel bolt, installed on a 4-ft x 4-ft pattern gives the best results both in devel
opment headings and stopes. Occasionally, where it is impracticable to scale 
the back to solid ground, 6-ft bolts are used, and some of these may be holding 
loose ground in place. The bolts are tightened with a stoper to 125 to 160 ft;lb 
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 success in preventing or delaying sloughing has been 
achieved by the use of tensioned cable bolts. Initially, extension steel bolts 
were installed in the manner described by Marshall (5). The present practice 
is to use lengths of discarded locked-coil, hoistlng 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. Tensioned cable bolts are used to 
control the back and, to some extent, the walls of open blast hole stopes. 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 and south boundaries of the ore, 
ten.sioned cable bolts are installed to strengthen the north and south walls of the 
stope. Since most of the service headings are driven south of and parallel to 
the orebody, it is possible to collar a hole for a tensioned cable bolt in the main 
service drift and drill it through to the south fringe drift. These 2-1/8-in. to 
2-in. -diam holes are drilled with a long-hole, percussion drill and spaced at 
about 10-ft intervals. Bolt holes to reinforce the north wall are drilled north 
from the north fringe drift, at the same spacing. The current practice for re
inforcing the back of a stope is to slash it out to the ore limits at the top, then 
drill cable holes in both walls and also up into the back. The depth of hole 
varies according to the expected ground conditions, but would average about 30 
ft. The used hoisting cable is cut into specified lengths 1n the machine shop, 
and one end fitted with an anchor in the form of a 6-in. length of 3-in. -diam 
pipe attached to the cable by pouring molten zinc around the expanded strands 
(Figure 11). The other end is whipped with wire to bold the strands together 
while the cable is 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, hoisting rope displays when being 
handled . Where the cable bolt is to pass from one heading to a parallel one, 
the collar of the hole at the anchor end is reamed to 4-in. size for a depth of 
12 in., to provide a sheltered anchorage. Where the bolt is to be anchored in 
solid rock, it is necessary to ream the hole to a 8-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) , 1. e. , the anchor 
plate is 12 in. x 12 in. x lin. steel and the wedge plate is approximately 6 in. 
x 6 in. x 1-1/2 in. steel. Through the centre of the wedge plate, there is a 
2-1/8 in. hole tapered to receive a cone shaped wedge. The 1-5/8-in.-diam 
bole in the centre of the anchor plate is not tapered. The procedure for instal
ling a cable bolt in a -5• hole is as follows: The cable bolt is pushed to the bot
tom of the hole and a cement grout is poured in sufficient to cover to anchor 
plus 10 ft of the cable bolt. Thie is allowed to harden. 
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Next the anchor plate and wedge plate are threaded over the protruding 
end of the cable bolt, and pushed up again.at the collar of the bole, A 12-in, 
length of 1/2-in. -diam copper tubing, and a slightly longer length of 1/4-in,
diaxn plastic 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 aro\md the cable by means 
of an elastic band is pushed Into the tapered hole in the wedge plate. The anchor 
plate is now concreted to the rock wall in a plane at right angles to the centre 
line of the cable bolt (Figu:re 12) , When this concrete bas hardened, two hydrau
lic jacks are passed onto the cable, One jack faces the wedge plate and exerts 
pressu:re (between 15 and 20 tons) on the conical wedge. The other faces away 
from the wedge (and the hole) and exerts tension on the cable to a limit of 40 
tons. These pressures are 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 hole, a plastic tube, as long as the cable bolt, is taped to 
the cable bolt close to the anchor. Then, except for the 4 ft from the anchor, 
the cable is given a coating of grease, as it is pushed up the hole. This Is to 
permit free movement of the cable bolt as it is tensioned. At the collar of the 
hole a wooden plug and a 1.2-in. length of copper tubing are inserted alongside 
the cable, and all packed tightly With oakum. A small amount of grout is now 
pumped into the hole and allowed to set against the wooden plug. This will en
sure that the plug stays in place when the rest of the hole is filled with grout 
(Figure 14). Once the hole bas been filled with grout (and a thicker mixtu:re is 
used for the up holes than for the down holes), and the grout bas set, then the 
cable bolt can be tensioned to 30 to 40 tons as before. 

In those places , suah as stope walls, where blasting might damage 
the bearing plate and so reduce or destroy the effectiveness of the cable bolt, 
the collar of the hole has been countersunk to protect this anchorage arrange
ment. 

Tensioned cable bolts have proven to be effective in preventing or re
tarding wall sloughing. Where installed in -5° or more steeply inclined holes, 
in which the cable is not greased, the cement creates a bond between the cable 
and the walla 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 cable bolt and so part of the bolt's usefulness persists. Unfort\Ulately, 
this is 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 bolts is known to be less expensive than that of high strength, 
extension steel rock-bolts. The cable bolts are of equal or gxeater effective
ness. 
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Observation of Cracking ""rl Sloughing 

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 since 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 backs of the headings and the walls of the open stope a, looking for 
signs of ground movement. New cracks, or new movement on old cracks, loose 
in the back or walls of the drifts, or appreciable increase (or decrease) in the 
flow of water from cracks, are all recognized as evidence of ground movement. 
Regular measurement, vv:lth feeler gauges, of the width of selected prominent 
cracks is also done to obtain some indication of the rate of movement. The re
sults of these inspections are passed to the Mine Superintendent for necessary 
action, such as additional rock-bolting or timbering. The crack measurements 
have shown that some cracks expand for a period then contract. The greatest 
movement has been in east-west cracks parallel and close to the sides of the 
stope excavations (Figure 15). 

Measurement oF Movement of Drift Wol/s 

A turnbuckle micrometer gauge modified from the one designed by 
Professor E. L. J. Potts of Durham University, England, and Hlustrated in 
"Rock Pressures in Mines" by E. de St. Q. Isaacson is used to measure the 
movement of drift walls in mining areas. Stainless steel, sun-ey spade, 
welded to 3-ft lengths of 1/4-in. -diam steel reinforcing rods , sene as 
measuring points. The rods are cemented to the bottom of holes drilled in op
posite sides of the drift, with the survey spad set flush With the collar of the 
hole. These measuring stations are set at 50-ft spacings to coincide With the 
mine sections and facilitate plotting of the results. Specially prepared Wires 
of known length are hooked on the spade in each wall and then to opposite ends 
of the gauge. Constant tension of the sprin~r in the gauge is obtained by turning 
the micrometer screw until 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 semi-regularity 
for a period of 2-1/2 years. Sharp changes up to 0. 30 in. have been recorded, 
particularly in headings close to stopes in which large size blasts have been 
detonated. More gradual changes have been noted in those measuring stations 
opposite partially filled stope excavations. 

A study of results 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 shows that the most prominent cracks 
and the stations showing greatest movement lie on an elliptical path surround
ing the stope excavations. The stations of least movement and the areas of 
weaker cracking lie outside this elliptical path. 
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While most of the measured wall movements have been expansions, 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 
stope excavation. The contraction may be because of the squeezing of the walla 
as a result of a buttress action on the pillar. 

Criticism of R esu Its 

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 whlch wall is moving inwards or outwards, Despite these 
shortcomings, tbi a type of measuring will give forewarning of possible danger 
and is being continued with the expectation of proving more valuable as the 
mining proceeds and the goal of total extraction is approached. Such fore
warning will be extremely useful in indicating the need for additional reinforc
ing in c ertain headings, or the need for alternative headings to gtve access to 
other stoping areas . 

Rock-bolt E xten somete rs 

Acting on the advice of D, F. Coates, Head of the Mining Research 
Laboratories , 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. Six pairs of extensometers we1·e set in holes in the walls of headings 
paralleling the long a..'l:is of the stope. 

North of the stope, two pairs of holes were drilled in the south wall 
of 10-1 east drift, a heading whlch lies 40ft from the stope. The holes, 10ft 
and 20ft deep, and about 2 in. diam in every case, were drilled on section 
28+65 east (on the centre line of the 120-ft-long pillar lying west of the stope), 
and on section 2!}+20 east (opposite the west end of 30. 5 stope). The third pair 
of holes were drilled east of the stope along the centre line. The fourth, fifth, 
and sixth pairs of holes were drilled in the nor th wall of a by-pass drift which 
parallels 30.5 stope about 175ft south of it (Figure 1). 

a~ scription of Exten someters 

The working drawings for these extensometers were provided by the 
Mining Research Laboratories . They are of a standard design, each instru
ment consisting 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 along the rods, prevent the rods from 
touching the sides of the hole, yet allow free movement. Except for the mov
able measuring 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. Mea.surements of grotmd movement are read 
on this type of instrument by means of an inside micrometer gauge (Figure 17). 

46 



Ruulls Ollloinecl 

The first set of readin.gs was taken in November 1963. Late in the fol
lowing month the 16-30.5 central pillar and the 12-30.5 s1ll (horizontal) plllar 
were blasted- a total of 184,400 tons. As expected, the No. 2 station extenso
meters were affected the most, both bolts moVing 0. 011 in. towards the stope. 
The changes on the other ten instruments were negligible (less than 0. 005 ln.). 
Since January 1964, the No. 2 extensometers have continued to show the great
est movement- almost always towards the 30.5 stope. Blasting in other stopes 
above and to the west of the Nos. 1 and 2 extensometers stations bas affected 
these extensometers about equally until April 1966 when the combined effect of 
final blasting in the 80.5 stope block and in a 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 1n the No. 2 stations is 
only 50 ft from the north wall of the 30.5 stope, while the ends of the corre
spon~ng bolts at stations Nos. 4 and 5 are 140 ft away 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 north side of the SO. 5 stope is moving southward towards the ex
cavation. Tbe protruding ends of the No. 3 station 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 
significant movement. 

Other Rock-bolt Exlensameter fnstallation!f 

Movement of growd around other stope excavations is being tested by 
rock-bolt type extensometers, installed in specially drilled, EX size , diamond 
drill holes collared on the 650 and 12 50 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. The portion 
of the rock-bolt protruding from the hole was passed through an aluminum plug 
at the collar of the bole. The hollow plug was cemented in place, but the rod 
moved freely through it. A brass gauge seat bracket was fastened to the plug 
by one end, A gap measuring plate was attached to the rock-bolt and positioned 
by means of set screws. A dial gauge micrometer, inserted through a hole in 
the gap plate to touch the gauge seat bracket, was used to measure the distance 
between the two (Figure 18). 
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L ocotion of Rock-bolt EJ(tensometers on the 650 L eve/ 

Extenaometers were installed in 1966 on the 650 level as follows: 

Section Length of hole Dip Direction Location of collar 

23+00 E 78ft -s· South 6-1 South X-C 
23+50 E 8ft +O• North 6-1 East Dr. 
23+50 E 29ft +O• South 6-1 East Dr. 
27+30 E 85ft -20" South 6-1 East Dr. 
28+65 E 8 ft +O• South 6-28.5 X-C. 

The extensometers on sections 23+00 E and 23+50 east are opposite 
the 11B" block stope excavation described earlier. The bottom of the 23+00 
east hole is 100ft (approximately) from the north wall of the stope excavation, 
while the bottom of the 23+50 east (south) hole is approximately SOft away. 

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

The 27+30 east extensometer 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 20ft above the 850 to the 450 l evel, 
a vertical height of 380ft, then filled with classified tailings. 

The 8-28 stope was also mined by the blast hole, open stope m ethod, 
t.hro!lgh a similar vertical extent. It has been filled With classified taHings 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, 
so that the cumulative difference is +. 01 in. 

The fifth extensometer on the 650 level is located in the face of short 
cross-cut driven south from 6-1 east drift on section 28+60 east. The bottom 
of this extensometer is approximately 40 ft from the north wall of 8-28 stope , 
which, as noted above, is a mined out but partially filled stope. The m onthly 
differences measured have been positive for the roost part, and the ten-month 
cumulative total is +0. 007 in. This suggests a very slight movement of the 
ground southward towards the stope excavation. 

Location of Rock-bolt E'xtensometers on the 1250 Level 

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

Section Length of hole 

37+00 E 43ft 
38+00 E 43ft 
89+00 E 43ft 
40+00 E 64ft 
41+00 E 71ft 

Results Obt11ined 

Dip 

--

-35"N 
-ss•N 
-as·N 
-as·N 
-as•N 

Horizontal distance from extensometer 
anchor to expected stope wall 

15ft 
15ft 
20ft 
20ft 
15ft 

After ten months of observation, the cumulative differences vary from 
-0.005 to +0. 010 in. -very slight differences in themselves and showing no 
definite trend In their distribution. 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 orebody are more stable than those near the bottom. This is partly because 
the ore limits, and hence the stope walls, tend to be more nearly vertical-and 
of uniform strike high up in the orebody. Those stopes near the bottom of the 
orebody have flatter dipping walla and less regular ore outlines, a reflection of 
the drag folding and strike faulting whloh has localized the ore. In addition to 
these reasons, it may be that the foldlng of the rocks in the formation of the 
drag fold has reduced their cohesion 1n some way so that they tend to slough 
more easily. This same reasoning may be applied to the other places higher 
up 1n 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 successful. The pro
duction rate has been maintained at a higb level and sloughing has been greatly 
reduced. The fact that a cut-and-fill stope was successfully mined against the 
sand packed, coarse rock fill of the "B" block .atopee indicated that this ma
terial gives adequate support. The addition of cement to the tailings in future 
fllllng operations is expected to give considerably 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 
deal of evidence that the ground at the 850 level, and at the top of the stope 
some 55ft below the level, was under increasingly heavy stress; cracks were 
widening and timbers in the pillar raise on the south side of the stope were 
cracking. The back held, however, until the 1'8-80. 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 and the 1650 sill pillar were blasted, the 
back sloughed upward to about 50ft above the 850 level. Only then didthecable 
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bolts break or lose their anchors. It is quite possible that the ground between 
the cable bolts became so fractured because of the increased stresses that it fell 
off in pieces around the cable bolt, rendering the bolt useless. 

4. The true value of the wall closure measurements being taken with the 
turnbuckle micrometer gauge is hard to assess. However, there baa been suf
Ucient 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 most 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 initiated here, may 
give more reliable data on ground movement. 

With experience, all such data will be more confidently correlated 
with the milling events and ground movements may be anticipated as mining pro
ceeds. Preventive measure may then be taken well in advance of possible 
danger. 
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Figure 10. Cracking in south 

Figure 12. 

wall of 10-1 east 
drift opposite the 
central pillar of 30. 5 
stope , north of stope. 
(White horizontal 
band is a 6-ft rule 
folding at 1/2 ft inter
vals.) 

Installation of tension cable 
bolt in a -5• dipping hole. 
Note: Copper tube and plas
tic bleeder tube. (Scale 6-ft 
folding rule with 1/2 ft 
sections.) 

Figure 9. 
Cut and fill stope showing 
sand-packed coarse rock fill 
over a vertical height of 10ft. 

Figure 11. Anchoring button. 

Figure 13. Twin hydraulic jacks apply
ing tension on a cable in a 
-5° dipping hole. 
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Figure 1 4. Tension cable bolt held in an 
up-hole by a wooden plug. 
Note: P la stic tube rising up 
to the left of the cable and the 
copper tube just visible under 
the cable. 

Figure 15. 1350 level: 30. 5 stope, 
central pillar cross
cut, west wall, showing 
cracking on south side 
of stope . One arm of 
the 'V' of the angle 
r ule i s 6 in. long. 

Figure 16. Turnbuckle micrometer 
gauge set up to measure 
wall movement. 

Figure 17. Rock-bolt extenso
meter installation in 
10-1 east drift - south 
wall. 

Figure 18. Dial gauge: measur
ing movement on a 
rock-bolt extenso
meter, 650 level. 
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ROCK MECHANICS FIELD MEASUREMENTS 

IN NORTH SWEDISH SULPHIDE MINES 

H.K. Helfrich* and H. KrouionJ• 

Abstract 

The rock mechanics field-tests, which were under
taken by the BolJden Company in the sulphide mines of North 
Sweden, represent an endeavour to provide mining operators 
with guidelines which can be used in judging the stability of 
cavities and pillars. Special account is hereby taken of their 
function and lifespan. 

The tests cover the following methods of investigation: 
geological structure analysis, probing of boreholes, deform
ation measurements, stress measuremt:~nts, microseismic 
measurements, visual inspection of the rook condition and 
determination of pillar index numbers. Moreover , laboratory 
tests were also 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 1n turn can only be 
achieved by the most appropriate combination of measuring 
techniques under optimum economic conditions . 

In troduclion ond Oefin it ion of P rob /em 

The rapid progress in depth of modern m.in.lng, the increasing rate of 
mining as well as the increasingly larger underground areas involved require a 
more exact knowledge of r ock properties and behaviour around the workings and 
in pillars, not only qualitatively but also quantitatively. 

*Mining Divisions. Boliden Aktiebolag. Boliden , Sweden. 
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In Sweden too, ore mining operations took due account of these require
ments (19), In the large mining companies rock mecltanios working groups were 
formed which collaborate with the central research organizations of the Swedish 
M1n1Jlg Association, with the Engineering Academy ~d with the Mining Institute 
at the Technical University in Stockholm. 

This paper describes the methods of operation and measurements in the 
rock mechanics field, used in the Boliden Company, as regards their implement
ation and purpose. In this respect reference is made to the fact that rock me
chanics 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 must be 
distinguished: 

a. Horizontal -flat orebodies with rooms a.OO pillars. 
b. Sloping ore bodies with room and pillars. 
c. Steeply dipping orebodies, worked with or without backfill. 

In line With this grouping the rock mechanics problems are also of var
ious nature. However, the object is the same in each ca.se: optimalization of 
rooms and pillars as regards their function and lJfespan. 

The work described hereunder has not so far yielded any conclusive 
results. Therefore only methods of work and part results can be reported. 
So far our work is limited to mea.surements which indicate , directly or 
indirectly, the rock behaviour; at a later date it is to be extended so that it will 
be possible 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 lnvestigotion 

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 strength 
of the rock mass in question (9, 12 and others). The term rock mass does not 
refer to large geographical or tectonic units, but to the rock formations within 
the area. of mining and other engineering structures. 

In order that the relationship of the geological field measurements to 
the stability problems of m.ining may be covered functionally, it must be included 
in a general concept which takes account of the relationship between rock proper
ties and rock mass properties. Let us first sketch the outiines 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 
m:l.ning, stability conclitions 1 water economy. 

1. 3 Petrography and texture analysis, rock sample, rock formation. 

1. 4 Tectoruc analysis 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 distribution on band 
of the conditions after deformation. 

1. 5 Blasting - tectonics. 

1. 6 Hydrogeology 

Within the framework of this pape1· only the working methods of the 
tectonic analysis will be detailed; mention will also be made of the grain texture 
analysis which controls it. The former is of essential importance as a direct 
field measurement and the latter as an indirect in situ measurement. 

The planar and axial structures are taken stock of as shown in Figure 
1, which represents a modification of the form proposed by MUller (24). The 
"textw:al data" are evaluated by Sander's method (28) and the textural diagrams 
are incorporated in the mine plans (Figure 2). 

In this way the rock mass is three-dimensionally defined within the 
area of the deposit according to its degree of homogeneity and isotropy (20). 
As a result one obtains a division of the deposit-range into structurally equiva
lent sub-ranges. The structural analysis is supplemented by a fissure count 
(Figure 3) which in turn can be combined with a description of the rock condition 
to form a classification scheme (Figure 4). This classification is also taken 
from MUller (24) , and modified for the special rock conditions 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 a 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 as signals of the possible presence of tectonic 
stresses (latent or residual at1:eases) (7, 13). 

The example of a recording of the a-planes in the floor of the Renstroem 
mine clearly shows that both the frequency of the a-surfaces per unit area as 
well as their orientation are subject to variation. The a-strike oscillates around 
a steep axis both in a vertical and horizontal direction (Figure 2), whiclt 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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sinking and drifting operations. This destressing is assisted by the accumula
tion of potential energy. which can lead to rock-bursts (12). In such cases the 
given tectonic structure serves as an additional energy factor. The like applies 
also to the analysis of the ac-fissures, which also exhibits a characteristic 
anisotropy of direction and distribution. The fabric characterizes the structural 
properties of the rock mass; it must therefore serve as the basis for all rock 
mechanics observations and investigations. Simultaneously one 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 a mining advance, since afterwards 
the openings are disguised by injected concrete. The room-and-pillar structure 
in the Laisvall mine serves as an example of a fissure survey (Figure 5), in 
which the number of fissures per linear meter (Figure 3) are determined. These 
numbers provide a measure for comparison of the fissured character of the rock 
mass . In the given case (Figure 3) one may first observe a decrease of the fis
sure intensity to the right. The fissures are grouped in bundles, which is ex
pressed by a frequency maximum on a 3 to 6 em interval. In most cases by far 
of fissuring the fissure distance is 50 om and more. In the second sub-section 
there is a decrease in the fissure intensity, with a corresponding increase in the 
fissure distance and a larger scatter in the fissure bundles. In the third section 
it follows fr om the absolute fissure numbers aDd interval frequencies that one 
again observes a concentration of fissure bundles with relatively l arge fissure 
numbers. The distance between individual fi ssure bundles has increased. These 
fissure data rate first, together with fissure orientation, as important factors 
when evaluating and determining pillar orientation; they may necessitate a change 
of the latter , even if such may not always be feasible due to technical operating 
reasons. Particularly interesting in this connection are the fissure numbers and 
fissure distances in the roof which, incorporated in a system, are to serve as 
the basis for the roof anchoring plans. A knowledge of the magnitude of the 
homogeneity and of the isotropy domains, t o which specific stress and loading 
conditions are often also to be assigned, is of great significance in judging the 
stability of a mine work.iDgs. 

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 on, such factors have been regularly obtained in our mines. 
These SCKJalled rock mass Inspections are carried out according to principles 
described 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 are given in Figure 6, Their eval
uation is carried out on a point system. The classification is 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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most essential prerequisite in all types of rock mechanics measurements, even 
though this method is subject to all the limitations of the classification systems 
(Trollope 31) , Supplemented by, as an example, a wave velocity measurement 
across the pillar, as described by Bernablni, Esu, MartinettJ and rubacchi (2) , 
or possibly by in situ tests accorcllng to Salamon and Oravecz (2 7), the stability 
or the degree of damage (31) should be predictable with a large degree of 
certainty, 

3. 0 ProbiD.g of Boreholes 

Borehole investigations yield interesting quantitative results; they are 
either aimed at obtaining structural data for judgiD.g the strength of the rock 
mass, or else they permit a dir ect observation of the rock and simultaneously 
a running control of it (measurement of fissure movements). 

3.1 Determination of Rock Strength. by Means of a Core Factor 

Hansagi (10) refers to relationships between the strength of a rock sam
ple and of a rock mass, which can be determined by simple means. Drill cores 
of various length are obtained by means of diamond drilllng. These are grouped 
in classes and the number of drill cores per meter is refer red to an idealized 
body of rock entirely without jointing. From these relationships a correction 
factor c1 is obtained, which is always less than 1. On comparing the number 
of teat samples of given length, which may be expected on the basis of the core 
lengths, with the number which could be expected from the idealized rock mass, 
a correction factor c2 is obtained which is slso always less than 1. 

On cutting out test pieces from the drill core with a saw, the number of 
teat pieces actually obtained does not tally with the intended amount; hence the 
correction factor Cg is obtained, which again is leas than 1. By means of the 
coefficient c 3 one modifies c2 according to the expression. 

c3 x c2 = c4 

Now Hansagi determines a factor of structure Cg 1 which will be referred 
to herein by the more appropriate term of core-factor, on taking the arithmetic 
mean: 

cl + c4: 
c = g s 1 

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

F(geb) = F(lab) x Cg 
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Although this method includes certain sources of error, it seems to be 
a suitable method for obtaining quasi 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 above described method are introduced as 
strength data in calculating, for example, roof spans and pillar dimensions. 

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

Dla 0.28 
Dl-3 0.43 
D4-8 0.34 
Dl-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 core-factors clearly reflect 
the lithologic and facial conditions. 

From the foregoing discussion it is obvious that this method represents 
one approach which can provide a relatively simple relationship between the rock 
and rook mass strengths. 

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

3.2 Optical Borehole Probing 

An optical borehole probe (30 mm diam) of the Hagconsult Company, 
Stockholm (23), is being used for the optical investigation of the rock mass's 
degree of fissuring. It consists of a Hensold 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 is possible 
to accurately examine the interior of pillars with these borehole probes. More
over, for a continuousoperationalcontrol, the measurement of fissure move
ments can also be undertaken. 

In our mines the optical borehole probe is used to assist in determining 
plllar stability. Thereby it was, for example, possible to establish extensive 
fissuring-inside pillar beams which seemed whole from the outside. 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 is important to mention that every borehole, 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 instrument may be, it bas proved its eli in use and 
shown that it Js suitable for a number of possible applications. In this connection 
it may be considered, whether it might not be advantageous to obta1n a TV 
equipped probe especially if same is also to be used in other kinds of investiga
tions as, for example, in geophysics, 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 
pillars. 

2, To monitor the stability of pillars. 

At Laisvall the measurements are concentrated on the following deform
ation processes: 

1. Convergence, respectively lengtlnvise pillar extension. 
2. Crosswise pillar extension. 
3. Roof sagging 

a. locally: 1n the sill -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 dimensions of the mine rooms and pi llars , while the effect of blasting 
(1, 500 metric tons of ore per blast) could also not be overlooked. 

Today mining at the Laisvall mine proceeds in two sections of the ore
body (Central and Kautsky ore) . Presently the centre of mining activities is 1n 
the Kautsky ore , because the Central ore is mostly mined out. However, meas
urements are also undertaken 1n theCentral ore , to monitor stability. 

From among the two possible principles of measuring device selection -
namely either very accurate, but expensive instruments or Jess accurate but 
cheap ones - the latter principle was adopted at Laisvall, because thls permits a 
large number of measuring locations. 
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Measuring Instruments and Measuring Techniques 
Presently the following four types of measuring devices are used: 

4.1 Measuring with Long Wires 

Since a very long measuring base is required for measuring convergence 
in rooms, roof exfoliation, as well as vertical and crosswise deformation of 
p1llars, long wires are being used for this purpose. 

Figure 10 illustrates the schematic arrangement of the entire equip
ment and the measuring prillciple. 

The following comments apply to the construction: 

1. The wire i s to be of high~uality stainless steel. 
2. The wire loading , achieved by means of the weight (respectively 

spring), should be far below its yield point. 
S. Only the bearing surfaces of the dial-gauge and the guide collar of 

the wire must be accurately machined and need to be made of stain
less steel. 

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

Measuring accuracy is :t_ 0. 01 mm. Naturally the length of the wire is 
temperature dependent. Temperature correction is e..xpensive, especially in 
case of very high rooms; at La.isvall therefore temperature correction is omitted, 
because the temperature induced error rectifies itself in time (the temperature 
variation s amount to S degrees at most) • 

The following deformation measurements are undertaken with devices 
constructed in accordance with the foregoing principles: 

1. Convergence measurements inside rooms (see measuring set-up in 
Figure 11). 

2. Measurement of the vertical deformation in pillar beams (Figure 
12) . 

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

4. Crosswise deformation of the pillars (Figure 14). 

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

Deformation Measurement Measuring Distance 

Convergence in rooms up to 24.0 m 

Vertical pillar deformation up to 24.0 m 

Roof sagging and exfoliation up to 12.0 m 

Crosswise pillar extension up to 15.0 m 

These 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 their function 
and also the cost of installing and operating the measuring stations. 

A number of convergence points were laid out in a proflle 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, 
measu1·ed during a period of six to nine months: 

1. The average convergence velocity amounted to 0.003 to 0.025 mm 
per day. 

2. The convergence velocity attained its maximum value at approxi
mately the centre of the mined area and decreased towards the 
periphery. 

S. The strength of the roof underpilming 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 carrying capacity it reached higher values. 

4.2 Measuring Rods 

In the immediate vicinity of blasting operations it is advisable to meas
ure the roof deformations and the pillar cross 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, so that blasting operations cannot damage the 
measuring devices. 

A disadvantage is that in practice only one measuring rod can be placed 
1n each borehole so that to determine the exfoliation of the roof several boreholes 
are required. 
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4. 8 Measurement of Movemant on Fissures 

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 satisfactory for operating 
purposes, consists of three fued points, two of which are secured on one s ide 
of the fissure and the third on the other. Thus the movement is measured in the 
plane defined by the position of the three fiXed points. 

The measurin.g 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 amounts to approx
imately 230 mm, i.e., it is very large compared to the amount of deformation 
(a maximum of 3 mm measured so far), and thus the graphical representation of 
the measuring results is greatly s1mp1Uied. 

It was found that, in case of one pillar for example, the movement is 
usually restricted to one fissure, even when more are present. In order to de
termine the right fissure, and thus also the proper location of a measuring sta
tion, all fissures 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 
inten sely. 

The results of these measUJ:ements can be summarized as follows: 

1. The movements on the fissures are not necessarily in direct relation 
with the convergence. Often one can observe relatively large 
(usually horizontal) movemants 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 fi ssures may be 
tied in with blasting. 

4.4 Precision Levelling 

Sm·face subsidence is measured by precision levelling (Zeiss Ni 11 plane 
plate micrometer, accuracy of reading 0. 01 mm). 

Although for addiUonal measUJ:ements 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 agrees 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 across the entire width of a mined 

area. 
3. As a complement to the other types of deformation measurements, 

which will serve both for localizing and rendering precise these 
deformation measurements and also for their control. 

5. 0 Stress Measurements 

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

However field tests were undertaken with two types of measuring cells 
within the framework of the SwedJsh mining research program, viz. with a 
rigid (KTH-2) and with an axial measuring cell. 

Rigid Measuring Cell 

The principle and construction of this measuring cell are further de
scribed 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 its measuring medium 
it is equipped with swinging wires instead of an extension sensing transmitter; 
thus it attains a considerably higher degree of sensitivity. It is thus possible to 
determine the stress conditions of the rock mass in the vicinity of the measuring 
cell, given suitable creep properties of the rock mass. 

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

Unfortunately however, it transpired that the creep properties of the 
sandstone 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 is suited for determining the stress variations under the condi
tions at Laisvall. 

The reliability of this cell must, however, be termed as good, since no 
cell has eo 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 a measuring 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 rings thus corresponds to the measuriDg" base, 
which amounts to 200 rom (Figure 17). 

Three of these extensometers, in horizontal boreholes, were built into 
two pillars which had not as yet been eXposed by mining operations. These, and 
a few bordering pillars, were exposed after insta.lllng the extensometers. The 
changes in the pillar loading which thus arose 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 Selfregistering MicroseismJc Measurements 

A few years ago the method of microseismic measurements (seismo
acoustic self-impulse method) was introduced on an eXperimental basis for cur
rent control of rock mass destruction (14). At present the measurements are 
exclusively adjusted to register mlcroseismic activity, timewise distribution of 
impulses, and to determine impulse rates. Presently there are no plans for 
ana.Iyzing impulse records on magnetic tapes as to amplitude, impulse forms, 
and timewise alteration of the relative impulse energies respectively frequency 
spectra, possibly following methods 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 
basis by the following equipment (manufactured by the firm of Adelta AB, 
Stockholm): electromagnetic geophon with preamplifier, counting device with 
three stage transistorized ampliiier (connections to 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 either in 5 minute 
diagrams or hour diagrams, with values presented as impulse/ min. Roofs, 
intermediate floors and pillara, in areas either being mined or already worked 
out, are being checked. 

The microse1smic measurements, undertaken according to the self
impulse method, are used for: 
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1. Accidental, sporadic, local control of rock mass destructions. 
2. Current, continual, local control of rock mass destructions. 
S. Pin-pointing rock destructions in the mine workings. 



Two examples are listed 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 he1·e, of which the latter coincides with rock mass movements , 
as determined by convergence measurements. "B" represents an hourly meas
urement, recorded in the roof of the Laisvall mine. Here too, one finds agree
ment of convergence phenomena between roof and floor , and increased impulse 
rate. True enough the latter arises suddenly without prior warning, while "A" 
recorded an extended increase of the impulse rate. 

The two examples show the limited possibilities for applying the saismo
acoustic tlirect-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 becaUBe, not in the least, of the given 
method of evaluation which limits itself to the number of impulses and their 
timewise sequence alone. In concluding it may be sa!d that by means of the self
impulse method it is possible to determine the onset of rock mass destruction~t 
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 registering instrument is in preparation (by the firm of Adelta AB). It 
will permit of a considerably larger number of measurements with the same 
number of personnel, so that it appears that a more meaningful evaluation of the 
measuring results will be possible which, after all, is to be used as a basis for 
the operating point control. 

Conclusions and Future Alms 

The following final conclusions can be drawn from the rock mechanics 
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 va.rious types of model-tests (inter aHa 25), and on the other 
they provide, on a broad basis, quantitative data about the stability of cavities 
and pillars. Furthermore, these data may 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 mass is subject to geological 
space - time requirements. A mathematical handling of the various problems 
must also depart from 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 operati.ng person's point of view, the research effort 
and the degree of investigation must be functionally coordinated with the .lJiespan 
and the purpose of the mine installation. 

The difficulty in satisfying this requirement is the problem of bow to 
achieve optimum ore exploitation at still satisfactory stability conditions. 

The authors wish to express their sincere thanks to director Fred Agrt 
of the Boliden Company, Mines Administration, for permission to publish this 
paper, and also to all collaborators who have participated in producing thls 
article. 
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Fissure Length of Room 
Distance, 50-100m 

incm 0-50 m Fissure Frequency in % 100-150 m 

0- 1 0 0 0 
1- 3 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 
15- 25 4,8 17,6 13,7 
25- 50 9,5 5,9 11,8 
50 -100 22,2 5,9 19,6 

100- 700 22,2 47,0 25,5 
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De termining Distinguishing P oint R ating 
Group Characteris tics 0 1 2 3 

Height 0-8 8- 12 12 -20 > 20 
Effective pillar 

>40 30-40 20-30 < 20 
Dimension 

a rea (mz) 

Roof area to be 
supported (m2

) 
< 150 150-250 250- 350 > 350 

Hor izontal sec - round, beam elliptic square non- symmetrical 
tion shaped 
Vertical section uniform conical hour - non- s ymmetrica l 

Form 
gla "!j 
shaped 

Outer surface smooth wavey, s -surface overla pping 
·rregul a r following untermmated 

Deviation from oo 5- 10° 10- !5° > 150 
tbe roof-normal 
Pillar bas e-floor hori zontal ·nclined forming a sill forming 

Position working 
edge 

Pillar head- roof horizontal inclined steppe d F o r ming working 
pe riphery 

No. of geolog-
I 2 3 >3 

Const r ue-
ica l beds 

t ion and 
Weathering a bsent local affecting extens ive, deep 

Binder 
outer 
layer 

Contact: Pilla r-
100-90 90-70 70- 50 < So 

Roof/Floor ("/o) 
F issu ring 0 Fissure distance (em) 

Fis s ure I 1oo-1o 1 10-1 I < I 

p ic ture 
Fissure leng th 0 Fissure length in re l a tion to pillar height 

I 1/4 I 1/Z I 1 
Gap width (mm} 0 0-2 I 2-8 l >8 

Sum of evaluating points (a maximum of 9 points per determining group) 
index number. 

0- 5 excellent 0 
6-10 very go od 1 

11-15 good z 
16-20 satisfactory 3 
21-25 reasonable 4 
26-30 deficient 5 
31-35 bad 6 
36-45 very bad 7 

Figure 6, Table for deter mining pillar evaluating po:ints. 
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galena mine at Lalsvall. 
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Figure 9. ·optical borehole probe of the firm Hag
consult (Stockholm). 

\ 

"' 

"' 

91 



+----15 

"A" "B" 

Figure 10 . Measuring installation for long wires (per R. Kvapil's suggestion, 
Royal Technical University, Stockholm). 
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"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, 
7) reference plate, 8) stainless steel measuring plate, 
9) drill holes for dial-gauge (deformation and reference 
measurement), 10) bearing surface of dial-gauge (stainless 
steel), 11) dial-gauge, 12) clamps, 13) guide collar 
(stainless steel), 14) guide hole, 15) weight (may be 
replaced by loading-spring if necessary). 

"B" illustrates deta.lls of the construction 1n plan view and 
elevation. 
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Figure 11. Convergence measurement in a room. 
"A" illustrates the principle of the 

convergence measurement 1) roof, 
2) pillar 1 3) floor 1 4) measuring 
wire, 5) anchoring of the measur
ing wf re in the roof 1 6) measuring 
stand, cemented into the floor. 

"B" illustrates a convergence measur
ing station in the pit. 
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Figure 12. Measurement of vertical deformation in pillar beams. 

K -room 
P -pillar beam 
Hl - room height during the first stage of m.in1ng 
H2 - room height during the second stage of mlning 
A1 - anchoring of the first wire for measuring the 

deformation brought about by the first stage of 
m'ining 

A2 - anchoring of the second wire for measuring the 
deformation brought about by the second stage 
of mJning 

M - measuring stand 
N - reoess in plllar beam, required for sinking the 

borehole and to accommodate the measuring 
stand 



"A" "B" "C" 

Figure 13. Measurement of roof sagging and exfoliation. 
"A" lliustrates measurement of roof sagging. 

"B" illustrates meaaurement of roof sagging and exfoliation, 
wherein a wire is attached to each layer by means of an 
anchor. The measurement proper occurs on the measuring 
stand M inside the recess N, which can be sealed with a 
steel lid. to protect the measuring stand from damage. In 
this case the wires are kept tight by means of springs. 

"C" illustrates measurement from ground level of sagging and 
exfoliaUon. By this means it is posB1ble to check the roof 
even after complete backfill of the workings. 
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Figure 14. Measurement of crosswise pillar deformatlon. 

Figure 15. Construction of measurlng rods 1) axpansion sleeve, 2) anohorJng 
rod, 3) stop nut, 4) centrlng rfng, 5) nut for tightening elq)ansian 
sleeve (1), 6) measuriDg rod {staiDI.ess steel), 7) bearing surface 
for dial-gauge point, 8) expansion sleeve (with sprJng clamp 
removed), 9) oone of expansion sleeve (8), 1 0) sleeve (stainless 
steel), 11) bearing surface for dial-gauge sleeve, 1.2) nut for 
tightening expansion sleeve (8), welded to sleeve (10), 13) bore
bole, 14) surface of rook mass. 
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Figure 16. Measurement of movement on a fissure surface (per 
R. Kvapll's suggeatl.on, Royal Technical University, 
Stockholm) • 

Figure 17. Axial extension meter (per G. Jacks, 1n 18). 

(a.) pUrton for extruding epoxy-resin from container (b) through radial 
holes in (b). 

(c) ring with extension sensing transmitters. 

(d) cable. 
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Figure 18. Selft·egistering microseismic equipment of the firm 
Adelta AB, Stockholm, consisting of a geophon, 
counting and recording device. 
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Figure 19. "A" example of a sporadic microseisroic long-term time 
control (12 months). 

"B" example of a short-term series measurement (24 hours). 



COMPARATIVE STRESS MEASUREMENTS 

AT ELLIOT LAKE 

W.L. von Heerclen* anti F. Grant*" 

Abstract 

As part of an extensive program of measuring rock 
stresses, 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 Industrial Research 
and of a borehole deformation meter developed at the U.S. Bureau 
of Mines. An analysis of the results, taking account of certain 
sources of en·or, shows that there is satisfactory agreement 
between the results obtained with the two methods. 

/ntrotluclion 

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

*Exchange Research Officer from National Mechanical Engineering Research 
Institute , South African Council for Scientific and Industrial Research, Pretoria, 
South Africa, at Mines Branch, Department of Ene1·gy , Mines and H.esources, 
Ottawa, Canada. 

**Scientific Officer, Mining J:lesearch Laboratories, Fuels and Mining Practice 
Division, Mines I3ranch, Department of Energy, Mines and Resources, Elliot 
Lake, Canada . 
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The instruments 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 m ore diameters of a borehole drilled in the r ock when the stress 
in the rock surrounding the gauge is relieved by drilling an annular groove con
centric with the borehole. Because tile overcoring hole is usually 6 in. or more 
in diameter, the method is expens ive and practical drilling difficulties restrict 
the depth at which a measurement can be obtained. 

'l'he second class of instrument, wlllch takes the form of a so-called 
s train cell containing electrical resistance strain gauges or a photo-elastic 
disc, is glued on the flattened end of a borehole drilled in the rock. Tt measures 
the change in strain of the rock on which it is glued when the stress is reli eved 
by extending the length of the borehole by means of a coring drill. The small 
si:ce of the hole required and the simplicity of the overcoring and installation 
procedure make it possible to obtain measurements at a considerable depth in
side the rock mass. 

In this paper the results obtained using a 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 Council for Scientific and Industrial Research (refer
red to as a strain cell in thi s paper) are compared. 

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

Description of the In s truments 

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

L'. S. Bureau of Mines Borehole Deformation Meter 

The borehole deformation meter which was developed in the lj . S, 
Bureau of Mines measures the changes in length of a single diameter of a bore
hole. The measuring element iH a beryllium copper cantilever on which four 
resistance strain gauges are mounted and connected to form a Wheatsto-ne 
bridge. The canlilever also produces the forc e required to keep the piston in 
contact with the si dewalls of tho borehole. 

When the deform~tion 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 cantilever is measured on 
a 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 less than 10 micro in. per •F. 

This strain cell was developed at the South African Council for Scien
tific and Industrial Research. It measures changes in strain in three directions 
on the end of a borehole. The measuring element is a conventional rectangular 
strain gauge rosette, the individual gauges of which are oriented to measure 
changes in strain in the vertical, 45• and horizontal directions. The leads from 
the gauges 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 installed 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 Measurement 

Theoretical ------ -
In using either of the methods described above, the principal stresses, 

ul and u2, acting in the plane normal to the borehole, are obtained by measur
ing the deformation or strain in at least three different directions. The caJcu
lation of the magnitudes and directions of o-1 and uz 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 stresses to be measured could be 
considered to be the same. Any differences could only be the result of inaccu
racies introduced by the instruments, inaccuracies in determining the elastic 
constants of the rock and inaccuracies due to the degree to which the above 
assumption was not fulfilled. 

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

If, 

u1 deformation measured acros s a diameter of the 
borehole (see Figure 1) 

uz deformation measured in a direction 60 degrees 
anticlockwise from u1 {usually the vertical 
direction) 

u3 deformation in a direction 120 degrees anti
clockwise from ul 

e1 angle measured anticlockwise f rom cr1 to the 
direction of u1 

D diameter of the borehole 

E modulus of elasticity of the rook 

a-1 +uz "" ..K.. (ul +uz+ u3) 
3D 

(11 - 0"2 = ..J:: ~u1 - uz)2 + (uz - u3)2 + (ul - u3)2}12 

from which the magnitudes of u1 and uz can be determined. The direction of 
cr1 is given by: 

tan 2() 1 .. -~3 (uz- ua) 

2 u1- uz - U3 

CSIR Strain CQ!!.. The formulae used to calculate stresses from strain 
measurements 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 readings in the vertical, 45• and hori
zontal directions before and after overcoring be ev, e45 and eH respectively. 

The principal strains in the rock on the end of the borehole are given 
by: 
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The principal stresses ul' and uz' in the rock on the flat end of the 
borehole are: 

where 

E = modulUB of elasticity of the rock 

Poisson's ratio of the rock. 

The principal stresses 0'1 and 0'2 in the rock surrounding the borehole 
can be obtained from 

The direction of 0'1 can be determined from: 

tan 8 = 2 (el - eH) 
2e45- (eH + ev) 

where 6 is measured anticlockwise from the horizontal direction (see Figure 2). 

Experimental 

U.S, B. M. Deformation Meter. The procedure used to install the de
formation meter and to relieve the stress in the rook surrounding it involves 
the following sequence of steps. 

A 6-in. hole is drilled sufficiently far into the rock to get beyop.d the 
fractured zone near the rock face. The core is removed, and guides are placed 
in the hole to centre the EX core barrel. An EX hole is then drtlled into the 
centre of the end of the 6-in. borehole to a depth of 10ft or more ahead of the 
end of the 6-in, hole. 

The deformation meter is placed in the EX hole 6 to 9 in. from the 
end of the 6-in. hole and oriented to measure changes in the vertical diameter 
of the borehole. The cable from the meter is brought out through the drill rods 
and connected to a strain gauge bridge, an initial reading is taken, and the 6-in. 
drlll is advanced. Readings are taken at regular intervals until the meter is 
overcored. A final reading is taken and the core is removed. 

The difference, uv between the initial. reading and the final reading 
during the overcoring operation is a measure of the borehole deformation in this 
direction. 
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The meter is then installed deeper in the EX borehole and oriented to 
measure changes in diameter in a direction 60 degrees anticlockwise to the direc
tion of the u1. It is again overcored, and a measurement u2 is obtained. 

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

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

The strain cell to be used is cleaned, plugged into the installing tool 
and smeared with a uniform layer of glue. The complete assembly is pushed 
up to the end of the borehole. 

On reaching the end of the borehole the tool is oriented and the cell is 
pushed against the end of the hole by applying sufficient pressure on the instal
ling rods. 

Onoe 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 a BX coring bit is inserted in the borehole, and the 
rock to which the strain cell is attached is cored out. On removal from the 
borehole the strain cell, adhering to a length of core, is plugged into the instal
ling tool and a final strain reading is taken. The strain resulting from the 
stress-relieving operation i.s the difference between the initial and final strain 
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. Cylindrical specimens with their axes parallel to the dJrectione in 
which field measurements were taken were prepared from them. 

Simple uniaxial compression tests were performed on these specimens 
from which the modulus of elasticity of the rock was determined. Lateral strain 
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 discs cut from the ends of the core to which the strain cells were attached. 

Compressive loads were applied to the cylindrical surface of the discs 
at two diametrically opposite points and parallel to, say, the vertical strain 
gauge in the rosette. Readings from all the strain gauges were taken at fixed 
mcremente of load . 
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The response of the gauges was plotted against the applied load, and if 
there were no pecularities in the curves it was assumed that the bond between 
the stra.ill cell and the rock was adequate. The modulus of elasticity and the 
Poisson's ratio of the rock were obtained from the core by means 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 tests were performed at about half the stress-relieving stations. 

Description of the Test Sites 

Test Site 1 - Measurements in Rock Undisturbed by Stoping 

Measurements were made with both instruments in No. 14 extension 
drift in the hangingwall of the mine. The drift is 1, 400 ft below surface and the 
average dip of the formation is 14•. 

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

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

Holes for the strain cell measurements were drilled parallel and close 
to holes in which the deformation meter measurements were taken. The pillars 
in which measurements were taken as well 8.8 the general layout of the stopes 
are shown in Figure 4. 

E xp~rimental Results 

Field Stresses, Test Site 1 

The results of the measurements made with each inBtrument 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 solid, of the major and minor 
principal stresses (<11 and <72) respectively. Figure 7 shows the variation of 
the major principal stress direction With distance into the solid. 

In analyzing the deformation meter results, two obviously erroneous 
results were reJected. Plots were made of borehole deformation Ui (1 = 1, 2, 3) 
versus distance from the collar of the borehole for each orientation of the 
meter in the borehole. Values for the borehole deformations u1, ~ and u3, 
determined at intervals, along the length of the borehole, by interpolation 
from these plots were used to calculate the deformation meter results shown 
in Figures 5, 6 and 7. 
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The strain cell results in Figures 5, 6 and 7 are the average of meas
urements made in boreholes Nos. 2 and 3. Except for the first 10 ft the scatter 
in the results obtained in these two boreholes was less than 10 per cent. The 
scatter in the results over the first few feet can be attributed mainly to the fact 
that these measurements were obtained during a period when the strain cells 
and installing equipment were undergoing initial evaluation tests when the 
tmdergr01md crew was not yet fully acquainted with the installation procedure. 

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

As can be seen from Figure 7 both methods ahowed that the major 
principal stress is acting in a direction of between 70 and 100 degrees from the 
vertical direction (1. e., close to the horizontal 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
lieved that some of the reasons for this are aa follows: 

1. In most cases the deformation meter may have been installed too close 
to the end face of the 6-in. overcoring bole when the initial reading 
waa taken. For this reason the diameter of the hole at the point of 
measurement may have been affected by the stress concentration ahead 
of the 6-in. over coring hole. Although a distance of 6 in. (one diameter) 
was used, a decrease in the borehole diameter waa detected as soon as 
the overooring 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 stress concentration effect is incl uded in the reading. 

2. In some cases the overcoring operation had to be discontinued while 
the diameter of the borehole was still changing. This resulted in 
measurements which were either too high or too low depending on the 
direction in which they were taken (9). 

8 . The construction of the strain cells used in these tests was such that 
the strain had to be transmitted to the strain gauges via a thin piece 
of "Ara.ldite" shim. This resulted in strain readings which were as 
much as six per cent too low. 

These errors increased the dJ.fferenoe between the results obtained 
With the two instruments •. 
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Pillar Stresses, Test Site 2 

The r esults of the strain cell and deformation meter measurements are 
shown iD Tables 2 and 3 respectively . Since the three readings u1, u2 and u3 
required to complete a deformation meter measurement were obtained over a 
distance of approxl.mately 3ft, fewer measurements could be obtained in the 
narrow pillars with this method. Average values of ut, u2 and us were, there
fore, determined to calculate the stresses in the pillars. 

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

Both methods showed that the major principals tress acts in an up-dip 
direction approximately45degreesfrom the verticaldirection. The ma.gnitudesof 
the major principal stresses as obtained from deformation meter measure
ments were again slightly higher than those obtained from strain cell measure
ments. The difference in the magnitudes of the minor principal stresses ob
tained wtth the two methods is much greater. In some cases the deformation 
meter values are three times as high as the strain cell values. 

It 1s 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 strain cell measurements were used to calculate the deformations of an 
EX borehole 1n the three directions in which deformation meter measurements 
were taken. The calculated values of u1 , ~ and u3 and those measured by the 
deformation meter are given in Table 5. These clearly indicate that the agree
ment between the calculated and measured u3' s are generally poor. On the 
other hand the agreement between the calculated and measured values of all 
u1's and u2's i s satisfactory with only one exception, namely, 1n borehole 
9W9-2L. Thus it can be concluded that, had the us measurements been more 
satisfactory, the stresses obtabled by the deformation meter would have con
formed even more closely with those given by the strain cells. 

Rock Properties 

The unimal compression tests performed on BX core samples which 
were obtained from overcoring tests with the CSIR strain cell produced values 
of the modulus of elasticity and Poisson's ratio of the rock with a standard de
viation of less than fi. ve per Cellt. The following mean values were obtained: 

Modulus of elasticity 11.5 x 106 psi 

Poisson's ratio 0.2 

All the resulta, except the values of Poission's ratio. were obtained from com
pression tests on specimens prepared from the 6-in. overcoring cores (8). 
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Although the same mean values 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 overcor.lng tests, the results are usually more accurate if the elastic 
constants (E and v) obtained at each measuring station are used for the calcula
tion of the stresses at that point. However, since the constants could not be 
determined at every overcor!ng station, it was considered reasonable to use 
the mean values given above for all calculations in thle paper. 

Conclusions 

Both instruments show the same general variation of u1 and u2 with 
distance from the sidewall of the 14 level extension drift. At distances of be
tween 20 and 25 ft from the sidewall the difference between the results is large. 
However, considering the accuracy with which the elastic constants of the rook 
could be determined, the inherent accuracy of the .Instruments and other errors, 
the results obtained with the two methods are generally in good agreement. 

With the exception of the us measurements all other measurements 
(ul and U2 measurements) obtained with the deformation meter in the pillars are 
in good agreement with measurements obtained with the strain cell. The direc
tions of the principal stresses obtained at both sites using the two instruments 
are in good agreement. 

The results of these experiments are a good .Indication of the reliability 
of both instrun;tents for determining the stresses in unfl·actured hard t·ock. 

The deformation meter has the advantage that it oan be used under wet 
conditions. It has the disadvantage th.at 1t is not rigidly fixed in the bole during 
the overcoring operation and it can, therefore, move while being overoored, 

The strain cell has the advantage that more measurements can be ob
tained with it within a given distance. Although it bas the disadvantage, at the 
present time, that it can only be used on dry rock, chemicals are now available 
for improVing the bond of cements to wet surfaces which may solve this problem, 
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TABLE 3 

Results Obtained from Deformation Meter Measurements in the Pillars 

Hole Depth of Hole Deformation Measurements 
Number (incbes) (10-4 incbes) 

u1 u2 u3 

9W9-1C 37 28 -- --
II 63 -- -- 4,8 
II 80 -· 12 --
:MEAN 28 12. 4.8 

9W9-2C Core disced all the way 
9W9-2L 2.1 -- 21 --

II 31 32 -- --
II 44 -- -- 2.8 
II 55 -- J4 --
II 77 32 -- --
" 89 -- -- 18. 2 
:MEAN 32 17.5 10. 5 

9W9-3L 22 -- 2.9 --
II 34 48 -- --
II 46 -- -- 29 
II 68 -- 33 --
MEAN 48 31 29 

9W9-1R 72 -- 18.0 --
Core disce d most of the time 

9W9-2R 33 -- 8.0 --
II 45 36.63 -- --
II 58 -- -- 0 
II 80 -- 19.0 --
:MEAN 36.63 13.5 0 

9W9-3R 42 -- 12 --
II 53 48 -- --
II 66 -- -- 3,6 
II 76 -- 19.2 --
MEAN 48 15.6 3.6 

11W9-ZC 30 -- 23.3 --
II 46 32.. 4 -- --
II 59 -- -- -0.7 
II 72 -- -- -1.4 
II 80 -- -- 0 
II 92 44.0 -- --
" 102 -- 14.5 --
:MEAN 38.2 18.9 -0.7 

11W9-3C 24 -- 20 --
II 41 33 -- --
" 54 -- -- 0 
II 65 -- 20 --
MEAN 33 zo 0 
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TABLE 4 

Comparison of the Magnitudes and Directions of the Principal Stresses 
as Determined with Each of the Methods in the Pillars 

Bor ehole Type of Mea suring Principal Stresses Angl e fro m Vertical to 
Num ber Instrument (psi) Dir e ction of Maximum 

Max imum Minimum Principal Stress (deg.) 

9W9-IC Strain Cell 7610 1014 44 
" Deformation M et e r 8680 322.0 53 

9W9-2C Strain Cell 8210 1075 45 

" Deformation Me ter -- -- --
9W9-2L Strain Cell 7400 1858 38 

II Deformation Meter 10475 5425 50 

9W9 - 3L Strain Cell 13930 5400 36 
II Deformation Mete r 16800 12000 57 

9W9-1R Strain Cell 10210 342 44 
II Deformation Met e r -- -- --

9W9-ZR Strain Cell 10750 1415 43 
II Deformation M et e r 11640 3220 44 

9W9-3R Strain Cell 13000 1410 47 
II Deformation Mete r 14000 3600 52 

11W9-ZC Strain Cell 10437 1546 42 
II Deformation Me ter 11975 3025 45 

11W9-3C Strain Cell 9710 1744 41 
II Deformation Met e r 11500 2600 42 

TABLE 5 

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 

P-rit~c-ipal St re n et Determined Dorcholc Oclormationa Calc:uJatecl Dorehole Deformation• Me:uu red 
eon bole from St !"ain Cell Me u ""*m•nt• hom S trahl Cdl Mt',.t uretnc:nh wlth the Deformation Mel.f:l r 
Number ( poi) (to· • inc.h.u ( I0- 4 Inches ) 

M&.xil'llUm Mintmum ul "'z u, "I ul q) 

9W 9· 1C 7610 1014 u. .o II . 8 - 3. 9 Z8 IZ • . 8 

9W9-tC 8ZJO 1075 JO.O LZ. 0 -6.5 -· .. --

9W9- 2L 7400 185R l3. 0 15. 7 -~.' ll 17: 5 LO. 5 

9W9- )L ll930 5400 40 . 7 30.4 ). 8 48 31 29.0 

9W9. 1R 10210 HZ 35.6 14.6 - 8 .9 .. 18.0 · -
9W9·lR 10750 1415 35.8 17.4 ·5. 9 36.6 

"· 5 
0 

9W9-3R BOOO 14 10 45 L6. 5 ·6.2 48 15.6 J. 6 

1lW9-lC 10437 1546 38.0 18 . I - 5.6 38. 0 !8.9 -0. 7 

I IW9- 3C 97 (0 17H 3!.0 18.0 -4. 35 ll 20 0 
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Figure 1. DirectloDS of stresses and deformations 
(U.S,B.M. deformation meter). 
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Figure 2. Directions of stresses and strains 
(C. S. I. R. strain cell). 
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Figure 4. Plan of stopes showing pillars in which measurements were taken. 
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Figure 5. Graph showing variation of major principal stress (as determined 
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Figure 6. Graph showing the variation of the minor principal stress (as deter· 
mined with each of the two methods) with distance into the solid. 
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AN APPRAISAL OF CONVERGENCE MEASUREMENTS 

IN SALT MINES 

D.G.F. Her/ley* 

I ntrorlucti on 

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 stresses. At high stresses failure occurs earlier than at low stresses. It 
bas been suggested (1, 2, 3) that a criterion of failure based on a limiting verti
cal deformation would be more realistic than one based on stress, and the value 
of deformation at which the deformation rate starts to accelerate is chosen as 
the point between stability and instability. The time taken by a pillar to reach 
an unstable condition can be calculated from an experimental 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
tive 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, Canada and the United States are presented. These measurements 
are analyzed and a relationship between convergence rate and calculated pillar 
stress is evaluated. 

•Post Doctorate Research Fellow, Mining Research Laboratories, Fuels and 
Mining Practice Division, Mines Branch, Department of Energy, Mines and 
Resources, Elliot 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. In this instance the area was mined previous to 1939 and the rate of conver
gence at each station is now approximately constant. The convergence is a 
maximum at the centre and decreases almost symmetrically towards the solid 
boundary. 

Height of the Pillars 

For a given 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 
height 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
acteristics of salt. The presence of impurities, especially anhydrite, increases 
the compressive strength and decreases the rate of deformation at a constant 
stress. However, salt becomes more brittle with the presence of impurities and 
therefore exhibits less deformation before failure. 

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 at an experimental site 
at the Lyons Salt Mine, Kansas, is shown in Figure 3. These measurements 
are part of an experiment, conducted by the Health Physics Division of the Oak 
Ridge National Laboratory, into the disposal of radioactive waste in salt mines. 
The rate of convergence increased rapidly when the temperature of the heaters 
was increased to over 100°C. 

The effect of humidity on convergence is less well known. Salt is a 
hygroscopic material and absorbs moisture from the atmosphere. How far this 
moisture penetrates into the salt is unknown and it may be 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; extraction ratio; position within the workings; pillar height; 
temperature and humidity; and geological factors. Of these probably the most 
important factors are depth below surface and extraction ratio, which determines 
the stress acting on a particular pillar, and the time which has elapsed since 
mining. 
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Analysis of Convergence Ro,es 

The rates of convergence measured at Meadowbank Mine, Cheshire, 
England (1), Sifto Mine, Ontario, Canada (8), Ojibway Mine, Ontario, Canada (9), 
Lyons Mine, Kansas, United States (10, 11), Hutchinson Mine, Kansas, United 
States (10, 11), are given in Table 1 together with the percentage extraction, es
timated pillar stress and age of the opening. The locations of the convergence 
stations 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 mines are similar in that 
the salt beds are approximately horizontal and a room and pillar system of mining 
is employed. 

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

rn obvious 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 measurements have been taken, in which case all the 
measurements are Included. To take into account the varying working heights of 
the different mines, each convergence rate has been divided by its respective 
room height. 

The stresses acting on the pillars were estimated from the weight of the 
overburden and the percentage extraction, using Equation 1, However, in ir
regular room and pillar workings, as in the centre panel at the Meadowbank Mine 
and in parts of the Lyons and Hutchinson mines, the percentage extractions were 
esttmated. At high extraction ratios any small error produces re1atively large 
errors in the evaluated pillar stress. The density of the overlying strata at the 
Meadowbank, Sifto and Ojibway mines was obtained from surface drill holes, 
while at the Lyons and Hutchinson mines it was assumed to be equivalent to 1 
psi per ft depth. 

The graph of convergence rate versus estimated pillar stress is shown 
in Figure 4. As expected there is a considerable amount of .scatter of the results. 
However, the general trend indicates that as pillar stress increases the COilVer
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 pillar stress is in the form of a power 
function. 
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TABLE 1 

Comparison of Convergence Rates at Five Salt Mines 

Statloo COT'Ivergence Type Nom!Dal li:otlm"ted Age or 
Mine N\IDiber Ro.ta ol Percen~ Plllu StruB Openln( Comme.D.ts 

tn/ID/day x to-6 l'low E~J-ct1GD pol Ye•r• 

I 2,6 eout&Dt 85 :1000 
11 1 ,2 coutaot 85 3000 
lZ 1,3 COD.I t&Dt 85 3000 Deptll 
17 1.7 COD.Ita.ot 85 3000 30 
28 2. 7 conetant 85 3000 450 II. 
2D 2.0 con•ts.nt 85 3000 

Meadowbrook 33 2.3 OODet.aot 85 3000 O'lerburde.o. 
cs 1.1 dtO't'eaalng 75 1800 w.ugbt 

CheehtTe c• 1.~ ~ore&liog 75 1600 
C7 I.~ d.tor.ulug 75 1600 1. oo pot/n depth 
C8 1.4 ~oreaet.ng 75 1800 3 
c• 1,( deorea.e1D.g 75 1800 

ClO 1.3 decre- tn& 75 1800 
S3 0,6 decnu.taa; 75 1800 
24 0.5 decnd.ilij; 75 1100 
2~ 0.7 deonuing 75 1800 8 
26 0,6 deocoutog 75 1800 

N5C 6.~ 4eoreutng 40 3<01> Depth 
NSW 6.6 (lecreutng 40 3400 3 

Slfto liSE 4.1 docre•alng 40 3400 1160 {t. 
540 6.4 COf!At.Jnl: 35 3200 Ol•er-burdeD 

Ontario S4W 5.8 eODIL&DL 35 noo • "'"1&111 
S4B 5.D eoaJOW>I ss uoo 1.16 pst/ft depth 

Ojlbwo,y . ~960ft. 
Ontario 0.3 dccreuJ.a.g 57 2300 T O...<butden 

we1sfat 
1 . Ot pot/It dOJlth 

1 2. 7 deouulng 60 2600 DepLh 
7 2.9 decreulng 60 ~600 70 102411. 

10 2,9 decre•etng 60 2eoo 
LyOb.S, 18 2.3 dacreaetng 60 R600 60 ~rerburdeo 

14 4.6 d•creallng 58 UGO 
X.Jll:l8U 15 2,3 dec.reulng 58 8460 wel.ghL 

16 2.2 .t.c ..... !Dc 59 11500 1.00 pal/ft depth 
20 1.8 ct-.cr ... 1Dg 511 2$00 30 uaumed 
2< l.i clocru.ol.og 59 2500 
~a 1,2 clooreul.or 69 zscc 
'l'l 1,5 decreael.o' 69 2500 

5 0,3 d.eO're11.0lng 10 2160 Depth 
9 0,4 deere as log 10 2160 40 G~ IC. 

10 0.2 deoreulng 70 21&0 

H\ltchlnsoa 6 s. 7 de-cnulng 83 3800 16 
7 3,4 d•cnutu' 83 3800 11 Ovtrburdeb 

1(an.sa.8 a 2.4 daereaulbg 71 zsoo T wolght 
3 3. 5 deereo.amr T8 ~000 10 J ,00 pot/ftdeptll 
4 1 .6 docrcaiiiDg T4 2500 28 •••lilmed 
I 3.2 decre.ae1Dg T8 aooo : 
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Al7n ... .. 3 

where vertical strain rate or convergence rate 

rr c stress 

A and n constants. 

A regression line, which is the best statistically fitted equation asswn
ing a power function, is drawn on the graph in Figure 4 and on either side of the 
regression line are drawn two arbitrary lines at± 50 per cent. The values of tho 
constants "A" and "n" for the regression line are 

E '-' 15 X 10-1:) rr 2. 7 

where convergence rate in/in/day x 10-6 

cr = pillar stress 

These values arc very similar to those obtained by Obert (3) and 
Bradsh<l.W, et al., for laboratory model pillars, 

when t = time since mining Ju·s. 

•.... 4 

.. . .. 5 

A time factor was introduced into this equation to take into account a decreasing 
convergence rate. 

In the following sections the convergence measurements at each mine are 
examined to determine whether the time, position and geological factors, if they 
were taken into account, would reduce the scatter or the resu lts. 

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 unlikely to decrease substantially with time. However, the lower con
vergence rates arc at stations situated near to the per iphery of the panel, while 
those near the centre corr espond very c losely 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 panel are all above the regression 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 contains a number of impuri
ties which would tend to depress the convergence rates. 
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Sifto Mine 

All the convergence rates measur ed at t his mi.ne a re above the ,·egression 
line . Those m t:>asured at the Nfi s ite a r e decreasing with tim'! and will approach 
the rcg1·ess ion line . But the com·e1·gencc 1·ates measured at 84 are constant and 
furthermore the s ite is on t he periphe1·y of the workings. Consequently, it would 
be "xpectcd that the conve1~ence rates measured at this site wou ld be less than 
those measured at N5. One possib le explanation is that the mining height at 84 
is 20ft compared to 40ft at N5 and any local sag of the r oof wilt have double the 
effect on the conver~ence rate at 84 to that a t NG . This anomaly will be clarified 
since site 8•1 is present ly being re-mtned to a height of 40ft. Ther e fore it will 
be poss ib le to compa re the convergence rate for 20 ft and 40 ft lte ights at the same 
site. In addition , convergence stations have been installed to check the accuracy 
of the measurcm:mts at N5. The salt at this mine has a high purity which would 
tend t o eleva te the converg·ence rates , 

Ojibway 11·1inc 

The one convergence measurement al this m ine is considerably be low t he 
regression line, and the rate is still decreasing with t ime. There is no obvious 
reason why t his i s the case, even though il is situated 350ft away from .1 l'elative 
ly large shafi pilla r. Also the s a lt bed is of a hjgh purity which shodd tend to 
elevate the convergence l'ate. However, too m·.1ch reliance should not be p laced 
on one measurement and it wouW be preferable if it had been substantiated by 
other measur ements. 

Lyons Mine 

Most o f the convergence rate s measured at t his mine a re reasona bly 
c lose to the regress ion line. An exception is the rate measured at station 14, 
which is considerably higher, possibly because of local separation of the roof 
strata. The age of the openings at this mine is at least 30 years and the con
vergence r ate is decreasing very slowly with time , 

Hutchinson Mine 

In general the conve rgence rates m.3asured at this mine are evenly 
distributed about the regression line . The exceptions are those , measured at 
s tations 5, 9 and 10 which are considerably lower. However, these stations are 
located ve1·y near to the shaft pillar, hence the results are not unexpected. Many 
of the measuring stations at this mine are located 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 have been standardized, then the 
scatter of the results would have been considerably reduced. 
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Convergence rates measured at five salt mines are in reasonable agree
ment with each other. As a first approximation the relation between convergence 
rate and pillar stress can be expressed by: 

2.7 

where t = convergence rate in/in/ day x to- 6 

rr = pillar stress psi 

This equation gives an average quantity which covers a time period from 2 to 70 
years and a varia tion of positions within an excavation or panel. If the time, 
position and geological factors could have quantitatively been taken into accoWlt, 
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 been folU'Id 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 indicate that there is a general consistency between the results. 
The pillars at these mines are still standing, in som e cases for over 70 years, 
and there has been no major pillar failure. Consequently mines which have low 
convergence rates could theoretically increase their extraction, and hence pillar 
stress, so that the convergence rates are comparable with other mines and still 
retain stable pillars. However it would be unwise to extrapolate and try to predict 
convergence rates for pillar stresses beyond the range of the measured results. 

Appendix 

Meadowbank Salt Mine, Imperial Chemical Industries, England 

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

A plan of the mine and a geological section of the strata is shown in 
Figure 5. M.l.ning commenced 1n the centre panel over 100 years ago I leaving 
irregular shaped pillars at irregular intervals and taking between 80 and 90 per 
cent extraction. The more recent west, north-west and east panels were mined 
on a regular room-and-pillar basis taking 75 per cent extraction. A barrier 
pillar approximately 400 ft wide was left between the centre and other panels. 
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Convergence measurements were initiated by the mine during the early 
1940's. 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 Sifto mine is located at Goderich, Ontario on the north-eastern rim 
of the Michigan Basin. The salt deposit which forms part of the Salina forma
tion, extends over a large area of south-western Ontario and to the western bor
der of Michigan State. Although several salt beds at•e present at Goderich, 
mining operations are confined to one of the lower beds of high quality salt at a 
depth of 1, 760ft. The bed in the vicinity of the mine is horizontal and is SO ft 
thick, of which the bottom 42 ft is mined. The salt is almost pure white with 
small lateral dark bands of dolomite and anhydrite running through it at 3 to S
in. intervals. 

A plan of the mine and a geological section of the strata is shown in Fig
ure 6. Mining 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 Mines and Technical Surveys, Ottawa 
in co-operation with the mine. These types of measurem ents were expanded 
during 1966. 

Ojibway Salt Mine, Canadian Rock Salt Company, Canada 

The Ojibway mine is located near Windsor, Ontario, on the eastern 
rim of the Michigan Basin. The salt deposit is in the same formation as that 
at Goderich, but at Ojibway one of the upper salt beds , at a depth of 950 ft is 
mined. This bed is 27 ft thick of which 18 to 21 ft is mined leaving 6 ft of salt 
in the roof. The bed is horizontal and the appearance of the salt is similar to 
that at Goderich . 

A partial plan of the mine and a geological section of the strata is shown 
in Figure 7. Mining commenced in 1955 on a regular room-and-pillar basis. 
At present pillars 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 is approxi
mately 57 per cent. The mine installed one convergence station near to the 
shaft pillar during 1958. 

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

The Lyons mine is located near the city of Lyons, Kansas. The salt 
beds which are part of the Wellington formation underlie central Kansas . At 
the Lyons mine ther e is 300 ft of nearly horizontal beds of salt, 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 beds in the Wellington formation, taking a 
working height of 12 ft and occasionally 17 ft. The salt occurs in relatively pure 
layers one to six in. thick, separated by small clay and shale laminae . 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 1n Figure 8. Mining commenced in the 1890's taking 60 to 70 per 
cent extraction in the older parts of the mine and about 60 per cent in the ::more 
recent workings. Production mining ceased in 1948 although the mine is still 
being used as an experimental site for the disposal of radioactive waste. Con
vergence measurements were started by the Oak Ridge National Laboratory 
after 1959 . 

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

The Hutchinson mine is located approximately 30 miles to the south
east of the Lyons mine. The same salt formation is being mined as at Lyons, 
but the depth below surface is 650 ft. 

A plan of the mine indicating the locations of the convergence stations 
is shown in Figure 9. Mining commenced in the 1920's leaving long narrow pil
lars in a nwnber 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 extraction. The working height varies from 6ft in some panels to 10ft or 
12 ft in other panels. 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 
measuring stations. (After Bradshaw et al.). 
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IN SITU STRESSES ALONG THE 

APPALACHIAN PIEDMONT 

V.E. Hooker* rznd C.F. Johnson* 

Abstract 

The u.s. Bureau of Mines has used the borehole defor
mation overcoring technique for measuring stresses in rock out
crops and dimension stone quarries along the Appalachian Pied
mont from Northern Vermont to Central Georgia. The data. 
show that secondary principal stresses Jn a horizontal plane 
near the surface are compressive and are 500 to 4,000 psi. 
Stresses were measured in granites, gneisses, diabases, and 
dolomite. 

Introduction 

The existence of high horizontal stresses 1n massive rock formations 
near the earth's surface has been suspected and/or hypothesized by geologists 
and geophysioists for more than a. century. According to Bucher (2) tangential 
compression dominates the whole record of earth deformation and throughout 
recorded geologic history the earth's crust has been under tangential compres
sion. 

A review of geologic literature concerned with the Appalachian Pied
mont shows that many phenomena. have been observed that could only be ac
counted for by the existence of high horizontal stresses. For example, Dale (6) 
observed visually the defo.rmatton of drill holes and the closing of channels in 
dimension stone quarries and from this information deduced that compressive 

*Research geophysicist, Denver Mining Research Center, Bureau of Mines, 
U.S. 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) reported 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 bed of rock 354 ft long, 11 ft wide, and 3 ft in thickness was 
freed from tl1e rock mass except that it still remained firmly attached at one 
end. Although no movement was perceptible, the corresponding halves of drill 
holes revealed that 1-1/2 in. of expansion had taken place over the total length 
of 354 ft. E. C. Robertson of the U.S. Geological Survey has attempted to use 
strain gauges to measure the changes in strain that occurred in a granite in 
Massachusetts while the rock was being mined by wire sawing in place. The 
attempts wore not too successful. 

The recent development of the borehole gauge has made possible the 
evaluation 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 Proterozoic rocks and diabase 
dykes at Elliot Lake, Ontario (4, 5}, and in other Precambrian rocks {15) in 
Ontario, Cmtada. Since the overcoring technique can readily be applied for 
near -surface measurements, the Bureau of MiDes has begun an investigation 
into the nature and extent of near-surface horizontal stress fields. 

Stress relief measurements were obtained 1n vertical boreholes located 
in dimension stone quarries or rock outcrops of granite, gneiss, diabase, and 
dolomite . Drill holes ranged from 1-1/2 to 8ft 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 a depth of 300 ft. 

Test Sites 

The test sites consisted of three outc rops , 13 dimension stone quarries, 
and one shallow underground site. Test site areas are shown in Figure 1. 
Rock outcrops which are badly weathered and fractured arc difficult to evaluate 
as to the probability of obtaining stresses or reliable information. The three 
outcrops selected for stress relief measurements showed some effects of 
weathering. Although macrofractures can be seen in the overeores, the speci
mens remained intact during the in situ overcoriog and laboratory testing. Two 
separate test holes were drilled approximately 200ft apart in the same dolomite 
outcrop near Proctor, Vermont. 

A dome-shaped rock mass as reflected by the topography with hori
zontal sheeting in which the sheets thicken downward has long been recognized 
as 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 thickness of sheets showed considerable variation, ranging 
from several inches at the surface to several feet or mo1·e at depth, Sheeting 
in the granite at the Oak Hill quarry in Massachusetts is s hown in Figure 2. 
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Dimension stone quarries 8.l.'e 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 is a typical 
view of a deep quarry near Barre·, Vermont. Stress relief measurements were 
also made in one underground site near Tewksbury, Massachusetts. Excessive 
core breakage was encountered over the first few feet of this hole owing to the 
angle of foliation in the gueiss. 

Stress relief sites at l.VIt. Airy, North C aroUna, were spaced over 
about one-third of a mile. Some of the measurements were made pertaining 
to an enclosed fragment of pre-existing rock (a xenolith) which was ~"Posed on 
the surface of the quarry floo1·. 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 Jn October 1965. The quarry was relatively new, hav;ingjustbeenstarted. 
On May 29, 1966, an earthquake of Richter magnitude 4.5 was reco1·ded 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 stress 
relief measurements was made in August 1966. The two sets of measurements 
were made in holes located 3 ft apart in the quarry where the existing stress 
field was probably not influenced by mining during the time between measure
ments. A vertical view of these hole locations is shown in Figure 5. 

Teat boles 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 floors 
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 zero. The calculated stresses 
are thus representative of those existing in the horizontalplaneofmeasurement. 

Instrumentation and Experimental Proc:eJ()re 

Measurements were made at each test site using the overcoring stress 
relief technique. The changes in borehole diameter were measured 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 sensitivities range from 5 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
cessible by road. 

The overcoring procedure for obtaining the borehole deformations was 
essentially the same as that described in detail by others (4, 8, 12, 13}. Only 
minor adjustments 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 
equilibriwn 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 testing. 

The modulus of elasticity was determined in the laboratory from the 
over cored 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 inserted 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 lateral pressure on the outer boundary, causing a greater borehole de
formation than the in situ recorded value. After three cycles, the stress
deformation data were recorded. Tllis procedure was repeated for each of the 
orientations from which in situ borehole deformations were obtained. 

The resulting stress-deformation curves were mostly nonlinear and 
showed hysteresis. For the specific triaxial cell used, the minimwn axial load 
that could safely be UBed with radial loads corresponded to an axial stress, CTz, 
of 1, 000 psi, A typical curve is shown in Figure 7. Since overcori.ng com
pletely relieves the rock from a 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 = - 4ab2p. . ... . 1 
(b2 -a2) U 

where E modulus of elasticity, psi, 

a = radius of hole in specimen, inches , 

b outer radius of specimen, inches, 

u in situ bor ehole deformation, 

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

An arithmetic average secant modulus was calculated from the three moduli 
obtained from each rock type. 
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The secondary* principal stresses, P and Q in the horizontal plane, 
were calculated using the plane stress equations for an isotropic, homogeneous 
medium for a 60• rosette and average secant modulus (11): 

P+Q "' 

P-Q = 

and tan 2<1> 

where d .. 

~ (U1 + u2 + Ug), 
3d 

..... 2 

~ ~U1- U2)2 + (U2- U3)2 + (U1 - U3)2 }/2' ..•.• 3 

VS (U2- Ua) 

2U1 - Uz- u 3 

diameter of the borehole 

..... 4 

¢ the angle from U1 to P measured counterclockwise as 
positive, and U1, U2, Us= deformation of borehole across diameters 60• apart, 

Summ11ry of Strus Data 

Data from the present investigation are given in Table 1. The stress 
magnitudes and directions vary considerably along the Appalachian Piedmont; 
however, horizontal stresses were found to exist in all rock types tested. 
Measurements at Barre, Vermont, West Chelmsford, Massachusetts, and 
Tewksbury, Massachusetts, indicate that increase in hortz.ontal 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 data given at the end of the table which were previ
ously obtained in rock masses in Georgia. The largest stresses were obtained 
in the Fletcher quarry floor which was approximately 250ft below the original 
surface of the rock mass. 

The maximum stresses at the Mt. Airy, North Carolina, site range 
from about 1, 650 to 4, 000 psi, compressive, over the total quarry surface area 
measured. Yet the direction of P seems fairly consistent for all of the mea
surements. The calculated stresses in the xenolith are not significantly dif
ferent in either magnitude or direction from those existing in the enclosing 
granite. 

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

*The term "secondary" is u.sed since ru and r,., are not necessarily equal to 
zero. 
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slight decrease in the horizontal stress field with depth. This suggests the 
possibility that rock temperature may be influencing these relative measure
ments, thus overcompensating for an increase in magnitude expected with depth. 

Effect of Temperature 

Rock temperature data have been given by Forbes (7) in whlch seasonal 
variations were recorded in a traprock near Edinburgh, Scotland, at depths of 
3, 6, 12 , and 24 ft along with the corresponding air temperatures measured 6 
in. above the surface. Ten1perature variations at 48ft are usually not detect
able. To evaluate the effect of temperature variation with time and depth of 
measurement, the graph sho\Vll 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 1ft a 19" variation in rock 
temperature can occur. 

Acco1·ding to the u.S. Weather Bureau the average mean temperature 
in Richmond, Virginia, was 56• Fin October 1965 and 78• Fin August 1966. 
Both of these dates are in the post-heating cycle time of year. Through the 
use of additional data (3, 7), representative rock temperature values 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. 

c:rh 

where a., 
a 

T1T• 

and v 

= 

"' 

= 

= 

aE(Tl - T.) 

l-v 
••• • • 5 

horizontal stress because of temperature change, 

thermal coefficient of expansion for rock, 

temperature change, degrees F, 

Poisson's ratio. 

Using the thermal coefficient of expansion for diabase (1) and a modu
lus of elasticity of 8. 74 x 106 psi , the calculated increase in stress because of 
temperature variation should be about 260 psi for the measurements obtained 
in August 1966 as compared With those obtained in October 1965. Further cal
culations show that changes in rock stress could be more than 1, 000 psi for a 
maximum rock temperature change of 19• F near the surface. 
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Calculated stresses and directions from data which were obtained in 
holes using only the single-component gauge are valid since these measure
ments were made where the local near-surface rock temperature gradient was 
near zero. Comparative deformation data were obtained with the three-com
ponent gauge in several holes which were drilled when local temperature vari
ations would have influenced the near-surface stress gradient. 

Conclvsions 

The calculated stresses given in the report are compressive and range 
from 500 to 4, 000 psi. Compressive stresses were found to exist in sediment
ary, metamorphic, and granite rocks of Paleozoic and Triassic Age. No 
measurement of tensile horizontal stress was obtained during this 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 described in this 
l'eport. On the basis of these data, compressive stresses may 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 borizontal compressive 
stresses would be expected to be nearly equal in all directions. The data show 
that most of the stresses determined along the Appalachian Piedmont are of an 
unequal biaxial nature. In addition, for a given area, significant variations in 
stress directions were found. These facts may indicate that the magnitudes 
and directions of horizontal stresses are subject to local variations because of 
structural or anisotropic anomalies. 

Seasonal and diurnal rock temperature variations can be significant, 
and in the futur e all near-surface stress relief measurements must take into 
account the changes in stress magnitudes because of these variations. 

At the Rapidan, Virginia, 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 fron1 an unequal biaxial stress field to a nearly equal biaxial 
stress field. It cannot be determined from these data whether the earthquake 
was a contributing factor to these changes. 
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TABLE 1 

Calculated secondary principal stresses 

Depth 
I.o<>atie>n to collar Depth Norlulu: ot 

aM llocl< or bolt-, of gage, eltt.~tir.il.y, P, Q, J)if'C(:I.)on 

QI.Ult'TY or d~sit l~ f eet feet lo" !!!:' 2•1 2"'i of P 

B.J.rre, vt . ; 
1137~ 1!. L. &nth Granite 0 0.5 to 1.~ 2.611 298 62 

300 0.8 to 2.0 4 .63 ~ , 11:>3 1,286 lllJ"w 

:rrocto.r, VL.: 
6.'•l N')of: Outcrop DotoonlLc 0 0.5 1.0 1.8 1, 427 1•70 

0 0.5 to 1.6 6.66 1,132 51.7 1'1?.11°1/ 

Wcot Chelms.ford., Ms.s~-> . : 
4,2)4 115o•r. H. E. f'l.etcher Cronite 2~0 0.5 lo l..5 11 ·93 2,312 

Guil.Joette OrMtte 30 0.5 to 1.8 4.U6 1,1191 Ja~3 H4l "F. 
Le.MI:u•urier Cranite 0 y 6.0 4.90 4116 ?.'{9 N31 "'I 
R. Morris Cre.nite ,, 3.0 4.90 J.,2l3 ::028 N37°E 

3·5 4.90 1., 303 538 N39"E 
v. Morri~ Cran1te ~0 2.0 1•.90 1,534 l.,?.78 N61.0'~ 

?..5 lo 3-7 4.!1Q 1.~51 J.,151 1171°\ol 
4.2 4.?0 2,300 J., I,SJ !ll8•••w 

()alt Hill Goei~~ 10 2.0 4.90 ?.,89'{ J., 907 K6o"E 
?..5 t.o 3-7 4.?0 2,942 J.,552 JI6'•"E 

4.2 4.?0 3,ov; 1,99-S II>~~ 

'revkGbtu-y, Mass.: 
Oul.t:l"O!I P~>rA;tDeiso 0 li..o to ).O 5-30 31•'1 134 N4 "'I 
Un<l.erg round P"r"D!etoa 40 4.7 5-30 710 665 lll2"E 

>·6 5-30 681> '•l9 N3l "'I 
6.9 5.30 561+ 49G 11130,~ 
7 -5 5.30 ·no 1>01 tf to S 
8.0 5-30 l,l.l.O 577 N17o,,., 

Nyacl<, N.Y., 
N?0 E Outcrop Dia.b""c 0 0.5 to 1.5 :>.ar, 173 68 

St. Peters, Pa.: 
Fr. Cr. Granite Co . Diab.,se 0 4.3 8.·r•• 565 205 lr/ "E 

t..8 8 .7'• 522 210 lll:>oE 

.Repidao, va.: 
.Bu+:oa blaclc DiatBse ~6 0.5 to 1.7 0.7G J.,J.2lt 76<) 115"11 

~6 0.5 to 1.5 6.71 965 ~" ll'ft: 
'lf6 2.0 0.74 1,G6o l.,~l.O fU:("ll 

?..5 8 .74 1,6!>1 l,, .... , .. tno•F. 
3·5 to 1,.,3 8.74 1,5~0 1) 1•95 N63°:F. 

1,.9 ll.74 1,503 1,1.;"14 Nil 0 F. 

M~. Airy, ll.C.: 
N.C. Granite Co~ GrA.Dil.c 50 1.0 to 3.0 5-oS 3, 9'11 9'(6 N87"E 

Io 
xMoUlh 30 0.5 to 1.5 ;1.~2 1,885 1,000 S76°E 

l:l<>tt>w 
xeoolit.h 1.7 to ?..5 3.1&8 2,1711 1,139 s94°E 

Be aide 
xeool.itb 30 0.5 to 1.5 3·67 1,G67 91.8 S8floE 

30 0.5 to 1.5 '"62 2 , 705 J.,83'.J SSIJ 01:: 

30 0.5 to 1.5 4.39 1,6110 J.,71<" lf(l.l:: 

stone •!otmtain, Ga. (9): 
sto"" Mtn. Granite co. Granite 10 0 .5 to 1.5 ?. .65 1,525 1,d3o lilo"E 

Lithonia., Ga. (9) : 
Conoo11d.s.ted Goeiso 0 0.5 to 4.2 ).32 1,373 792 N50°E 

0 23.0 to 28.5 3.):l 2,2ll 1,173 N55"E 

Douglasvill~ 1 Ga. (2_): 
Con&olid.at.~U Cne1ee 0 0.5 t.o l.5 3.::!6 500 235 1155"1-1 

~ Indicates a. 3-comp<>nent ~age re6d.ing, all elements at tbe "am" de.l'~h. 

~ Mea.•urements mad<> on October 21, 1965. 
Mea•urements mad" on August 9, 1966. 

Note: P and Q &re COIIpressivc stresses . 
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Figure 1. Test site areas. 
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Figure 2. Sheet structure at Oak Hill Quarry, West Chelmsford, Massachusetts. 



Figure 3. Deep quarry near Barre, Vermont. 
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Figure 4. Xenolith at Mt. Airy, North Carolina. 
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Figure 5. Showing hole locations 3ft apart at Rapidan, Virginia. 
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Figure 7. Typical stress versus deformation curve. 
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60 • Air temperature = 70° F 
• Air temperature = 30° F 
• Air temperature ~ 55° F (fall} 
... Air temperature = 55° F {spring} + Extrapolated value for fall air temperature= 76.,F 
+ Interpolated value for fall air temperature =56°F 

Figure 8. Graph of near-surface rock temperature data in Traprock (7). 
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STRESS CHANGES DURING UNDERCUTTING FOR 

BLOCK CAVING AT THE GRANGESBERG MINE 

J. HuitT and H.W. Lindholm2 

Abstract 

The changes in rock pressure have been continuously 
recorded at a site below the proceeding undercut during a block 
caving operation. The purpose was to test the long term stability 
of a new simple rock pressure gauge and to study 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
retical results, based on the theory of elasticity. 

Introduction 

The continued increase in depths of mining is creating a growing need 
of knowledge regarding rock pressure. Several field studies have already been 
performed, Hast (2), Leeman (5), which show that measured rock pressure 
data may deviate considerably 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 homogeneity of the rock material, in order to make possible a quanti
tative estimate of the stresses. 

2. A regional, often horizontal, rock pressure component is sometimes pre
sent, 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 
regarding rock pressure for a long time to come. 

I chalmers University of Technology, Gothenburg, Sweden. 
2arangesberg Mine, Sweden. 
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The varioUB special requirements to be fulfilled by rock pressure 
gauges depend on the intended use, cf. 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 m ine drifts. Full protection against 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 measurements, 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 less 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 may 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 sites in the area of interest. Since the required minimwn 
distance between two such sites is of the order of one metre (3 ft), one cannot 
guarantee that the same rock pressure is measured in all instances. A much 
simpler way is to insert pressure gauges in boreholes at the points of interest 
and then read these gauges at consecutive intervals. Such measurements re
veal the changes in rock pressure occurring at the sit e I but do not disclose the 
absolute magnitude of the rock pressure. The latter 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 stress recording is preferable 
compared to repeated overcoring. The numbet.· 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 
pressure are actually aimed at, and further developm ent of this technique would 
therefore be facilitated by detailed knowledge of how the stress pattern develops. 

A joint research program, established between the Grangesberg Com
pany and the Chalmers Institute of Technology 1 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 Gdingesberg mine. 
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Rock Pressvre Gauge 

A ring type transducer gauge, cf. Griswold (1) or Leeman (5), was 
chosen to be used on account of its simplicity and high sensitivity. Steel rings 
were designed to fit into a 40 rnm diam borehole, and each ring carried fou:r 
micro-type foil 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 special detractable tool. The 
bottom 100 mm of the borehole were ground to conical shape by means of a 
diamond reamer. Three gauges were then inserted into this part, and their 
measu:ring axes were arranged at 60° intervals. The required pre-load was 
achieved by pushing each gauge sufficiently far down the conical part; the mea
s u:ring bridge, type Peekel B 103 u, was COMCCted to the gauge leads au during 
this operation. 

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

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

Site ol Mea,urement 

The orebody at Grangesberg has the shape of a lens with the total 
length of 1, 500 m. 'l'he 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 100m and minimum 25m. A 
length s ection is shown in Figure 2. The height of the block is 45 m , see 
cross-section in Figu:re 3. The plan of the loading level is shown in Figure 4. 

From a drift-in the footwall cross-cuts are made at every.16th m. In 
these there are loading points at every 8th m. These fWUlel-shaped craters 
emerge into cross-cuts situated 5 m above. These are used for undercutting 
operation. In Figure 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 o. Two or three rows are blasted simultaneously. 

A plan of the undercutting level is shown in Figure 6. The front line 
is. kept at an angle of about 4 5, 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 15m high 
and 2 . 5 m wide. 

157 

96038-11 



Three gauges were inserted on May 30th, 1963, at a depth of ca 2. 5 m 
in the borehole shown in Figures 4, 5 and 6. 

Measurement Program; Results 

The gauges were read at continuous intervals all during the undercutting 
operation, which continued fo r 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 test. 

It is seen that gauge No. 1, which was oriented in a vertical direction, 
indicated a continuously increasing vertical pressure around the borehole as 
tl1e undercutting edge was approaching. A sharp maximum 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 
simple theoretical argument. The three pictures in Figure 11 show the verti
cal pressure field lines at the beginning, the middle, and the end of the under
cutting operation. The sharp r ise ln vertical pressure is an obvious result of 
the stress concentration in front of tlle 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 tlle rock pressure change induced by the undercutting operation is 
essentially vertical. A purely vertical pressure gives r ise 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 theoretical analysts 
of the stress field around a propagating edge is required. 

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 top , and G denotes a fixed 
point (corresponding to location of gauge) with coo1•dinates x = c, y =d. Start
ing at a certain time a slot is being cut wifu 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 - u y at G, corresponding to the press ure r ecorded by gauge No. 1. 

The slot may be regarded as an ellipsoidal contour, where tlle minor 
axis is zero. The stress field around such an opening, first determined by 
Inglis (4), may be found in the standard literature on elasticity, e.g., Savin(?). 
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There results 

-<Ty/p = Re 1 (z - a)/Vz(z - 2a)} 

where z = x + iy and re denotes "the r eal part of" . 
Introducing here 

9 = d/c, E = a/c 

the expression 1 takes the form 

2(uy/p)2=l+E2(l-2E-92)/{(1-2E+82)2+4EZ()2} + 

+ {(1- E ) 2 + 8 2~/v<1-2t+B 2) z + 4E
2 8 2 

..... 1 

... 2, ... 3 

..... 4 

Here E is a dimensionless measure of the slot width, such that E ~ 1/2 denotes 
the case when the moving edge is exactly above G. A plot of - u y /p versus E 

for 8 = 0. 004, which corresponds to the location of G in the field test, is shown 
in Figure 13 as the dotted curve. The full curve is a replot of Figure 7, and 
it is observed that the two curves agree fairly well in shape. As to the magni
tude of the pressure the following estimate may be made. 

The maximum pressure at the gauge point, as found from Equation 4, 
is very closely equal to 2p . When E increases beyond 1/2, the pressure - u Y 
decreases very rapidly, when 8 << 1. The change in u Y from E = 0 to E '"' 1 
is closely equal to the pressure p, i.e. , the undercutting operation causes an 
almost total deloading of the gauge. The recorded change in u y as shown in 
Figure 7 is approximately 130 kg/cm2. In case of vertical principal stress 
direction such a pressure at the 345 m level would correspond to an aver age 
density of the rock and ore material amounting to 3. 75 kg/dm3. This figure is 
slightly higher than the real density at Grangesberg, but tho 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) 
after field studies at the San Manuel copper mine in Ari7,ona. 
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FIELD BLASTING STUDIES 

G.E. L orocque1, K. Sasso 2, J.A. Darling 3, oncJ D.F. Coates 4 

Abstroct 

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 charges is outlined and a· desCTiption of the two 
explosives used is given. Laboratory e"-"Per iments of the 
'Hopkinson Bar' type were carried out to determine the dyna
mic tensile strength of the rock material involved in·the fii~ld 
experiments. 

A brief description is given of a previously ·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 results of this analysis have been applied with a tensile 
strength failure criterion to predict crater dimensions. Initial 
agreement has been found to be good between predicted and 
actual craters. 

1 • 3Research Scientists and 4tread, Mining Research Laboratories, Fuels ;md 
Mining Practice Division, Mines Branch, Department of Energy., Mines and. 
Resources, Ottawa, Canada. 

2 .· . 
Department of Mineral Science and Technology, Kyoto Unive.rsi ty, Kyoto, 

Japan; former National Research Council of Canada Research Fellow at the 
Mining Research Laboratories , Mines Branch, Ottawa, 19 63-6 5. 
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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 
foWld that two -point simultaneous detonation is preferable 
to single-point bottom detonation, if uniform peak stress 
along the length of a colwnn charge is desired. 

Introduct ion 

The current blasting research project at the Mining Research Labora
tories was initiated for the purpose of studying the transmission of explosive 
energy into hard rock . One of the initial ob jectives 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 to select a failure criterion for the 
rock material and to establish a method for determining the stress distribution 
resulting from detonation of a contained explosive charge . Field and laboratory 
experiments were carried out to determine rock and explosive properties r e
quired for such an analysis. 

ln 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 S- wavevelo
cities. 

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

After establishing the method of analysis for a spherical charge, a 
method was developed to simulate the stress distribution resulting from a 
column charge. This method of analysis has been used to compare two modes 
of detonating a colmnn charge. 

F i,./rl E xpferim,.nts 

Data Required from Field Experiments 

The stress distribution resulting from detonation of a contained charge 
was calculated by superpol:lition, 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 obtained 
from two rock-explosive combinations are listed in the table. Crater dimensions 
for specified explosive charge weights were also required, to determine whether 
the boundaries of broken rock could be predicted on the basis of the proposed analyses. 
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TABLE 1 

Table of Rock Constants for Stress Computation 

Explosive CL(m/s) CT(m/s) p(g/cm3) A
0

(cm) B0 (cm/s) 

Geogel 60% 
6,400 3,420 1.5 40 .3 3.36 X 105 

(3,400 g) 

Cilgel B 70% 6,400 3,420 1.2 19.5 1.36xl05 
(2,950 g) 

Explosive n m 1. .... 

Geogel 60% 
1.4 1.4 1.0 1.0 (3,400g) 

Cilgel B 70% 
1.3 1.3 1.0 1.0 

(2, 950 g) 

Derived Rock Constants : 

Lame's constants 'A "'6.25 x 1011 dyne/cm2, 

and 1.1. = 4.15 x 1011 dyne/cm2, 

Young's modulus (E) = 10. 6 x 1011dyne/cm2 = 1,1 x 106 kg/om2, 

Poisson's ratio (v) = 0. 30. 

Glossary of Symbols: 

C L - dilatational wave velocity. 

CT - shear wave velocity. 

P - density. 

A0 - peak displacement intercept value at equivalent charge radius. 

B
0 

- peak particle velocity intercept value at equivalent charge 
radius. 

n - exponent of power law relationship describing peak dilatational 
wave displacement attenuation with distance. 

m - exponent of power law relationship describing peak dilatational 
wave particle velocity attenuation with distance. 

- s imilar ton but for a shear wave. 

t' - similar tom but for a shear wave. 
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Description of Field Experiments 

Three distinct field experiments were carried out to obtain the required 
data: two array arrangements and a series of crater tests. A normal linear 
array was used to determine all factors with the exception oft 1 t• , and CT. A 
non-linear array was used to determine the factors t, 1.' and CT. 

The Linear Array 

Figure 1 i.s an idealized section of the linear array, showing the gauge 
and shot boles. All gauge holes were located in the same plane, approximately 
28 ft below surface. The shot holes were drilled approximately 2ft deeper. This 
was done to allow two shots to be fired in one shot hole; for the second shot 
the hole was filled with tamping sand, to a level 3 ft above the original depth, 
before the charge was placed. Since it was required that the path between the 
shot and gauge holes be unobstructed by other shot holes 1 the shot holes 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 holes were accurately "located by survey for the exact 
determination of the distances between explosive charges and accelerometers. 
Accelerometers were used as sensing devices in all gauge holes. 

With the exception of~,,, and CT, parameters in Table 1 were deter
mined from 'l.cceleration 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 millisecs 
before the shear wave reflected from the surface would interfere with the direct 
dilatational wave being 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 dllatational 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 boles of the linear array experiment were used as 
gauge holes. A shot hole, 06, 10ft in depth was offset from 05 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. Sensing devices, for 
this experiment, were installed in the same plane as the bottom of the shot hole. 

Crater Studies 

For the crater studies, shot holes were drilled 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 field p,roject, and the same charge weights as used 
in the linear array. The diamond drilling machine, however, was incapable of 
drilling the necessary holes at a 45 • angle to the surface. U ltlmately, an air 
track drill was used to provide 3 in. diam shot holes. 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 craters. 

Sensing Devices 

Accelerometers and Mounting Assemblies 

Accelerometers were used as sensing devices in both 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. 

Endevco 2231 

Clevite 25D21 

TABLE 2 

General Characteristics of Accelerometers Used in 
Field Experiment 

Voltage Capacity Frequency Cross 
Sensitivity Response Sensitivity 

!Opk-mv/pk-g 1 000 pf 5cps - 1 Okc 3% 

25pk-mv/pk-g 1300 pf 1cps - 6kc 3% 

Peak 
Shock 

16,000 g 

10,000 g 

The mounting assembly used to wedge the acceleromete1·s in place is 
shown in Figure 3A; Figure 3B is an idealized section diagram of the mounting 
assembly. An hydraulic 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 was used to wedge the accelerometer units in place. 

The accelerometer sleeves and wedges were made of aluminum to pro
vide an approximate acoustical match benveen the accelerometers and rook 
mass. For the linear array experiments the accelerometers were mounted in 
wells in the wedges with their sensitive direction perpendicular to the main axis 
of the accelerometer mount. For the shear array experiments, the accelero
meters were mounted in the wells with their sensitive axis parallel to the main 
axis of the accelerometer moWlt assembly. 

Explosive Probe and Cons tant 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 of22 ohm l/2wattresistors, 
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spaced 1 in. apart along the axis of the explosive probe, wrapped in a brass foil. 
The trigger probe,· of the ion gap type, consisted of two insulated open ended 
wires rUIUlin.g to the tip of the unit. 

Originally the resistance chain was not sheathed. Laboratory experi
ments, however, indicated that the variation in conductivity in the detonation 
region was such as to produce "noisy" records. The brass foil, which vapor
izes as the det<)Dation wave passes, provides essentially a dead short. Figure 
4 illustrates the effect of the addition of the foil, and a typical fleld r e_cord is 
shown. The small indentations in step waveforms results from passage of the 
detonation zone over a resistor. 

Electronic Equipment 

Description of Recording Equipment 

Consistent with the depth of burial, every accelerometer 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 2608cathode 
followers used were mounted on insulated boards in weatherproof boxes. A 
series of potted high-quality capacitors is contained in each of these boxes .for 
the purpose of changing accelerometer voltage sensitivity. 

F igure 5 is a block diagram of the recording system. The r eco1·ding 
apparatus in operation is entirely controlled by a 10- second, "one cycle and 
stop" timer, initiated by a momentary closing of a push-button contact. 

At the beginning of a cycle, the tape recorder is placed in the record 
mode 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 bas started, the detonatot• 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. Eight seconds after the start of the cycle, the 
timing and switching units transfer all seven inputs of the tape recorder to an 
oscillator which supplies a known amplitude, known frequency sinewave voltage 
to all seven channels. Shortly before the end of a cycle the switching unit is re
turned to its original condition, the tape recorder is s topped, and the transport 
of the paper tape is turned off. 

Only four galvanometers were available 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, r ecorder. 
In this way, immediate assessment was made of the record resulting from a 
particular test shot. Thus, in this application the paper oscillograph 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 field test shot, a dummy run of the entire recording equip
ment was 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 by means of an oscilloscope and 
attached camera. 

Certain safety features were built into the recording equipment. A 
safety plug must be inserted into the timer panel before the detonator is connected 
to the firing 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 cycle 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 was to provide, on playback, an external trigger to the oscilloscope. The fir
ing pulse, also recorded by the tape recorder, supplied an alternate signal for 
external triggering of t:i;).e oscilloscope. 

On playback the outputs of the accelerometers were analyzed one at a 
time. For this purpose a Tektronix Model 555 oscilloscope was equipped with a 
type-0 operational preamplifier, a type-C.A preamplifier, and an oscilloscope 
camera. Initially the acceleration waveform and the particle velocity waveform 
were reproduced, using one integrator of the type-0 operational amplifier. This 
was followed by reproduction of the calibration sinusoidal waveforms appended on 
the tape at the end of a test shot. In subsequent reruns of the tapes, by 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 Explosives 

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 tamped 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 ideal 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 common with other similar straight gelatins designed 
for seismic prospecting, is efficiently and reliably detonated under much more 
extreme conditions than were anticipated with a No. 8 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-gelatins 
with a velocity of detonation 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 data therein were calculated from data made avail
able by the manufacturer. Pressure and velocity data were obtained from labo 
ratory experiments. 

TABLE 3 

Selected Properties of Geogel 60% and Cilgel B 70% 

Geogel 60% Cilgel B 70% 

Dens it~ 
a) g/1-1/4 in. cartridge 242 203 
b) g/m1 (calculated) 1,5 1.2 
c) g/m1 (bulk tamped) 1.3 1.0 

Ph~sical 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/ml 1.45 1.42 

Detonation Velocity- metres/sec 6,500 4 , 000 

Detonation Pressure - kilobars 170* 87* 

*Determined by aquarium tests, 

Shear Wave Generation 

Two methods were used to develop a disturbance containing a shear 
wave; both involved impacting the bottom of the shear array shot hole, One 
method was to place a No, 8 detonator, housed in a protective casing with an 
open end, in contact with the bottom of the shot hole and detonate, The second 
method involved a gun, moWltedto an aluminum conduit, which was used to 
impact the bottom of the shot hole with a 45-calibre lead bullet, With both meth
ods a thin insulated 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 results of the field experiments 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 p1·esented in a concise manner. Numer
ical information con0erning normalized particle velocity and displacement wave 
shapes was excluded for the sake of brevity. 
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In Table 4, statistics concerning the various explosive charges are pre
sented. It is evident from this table that some failures of the explosive probe did 
occur, 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 given. 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 accelerometers 
were installed. 

In Table 6 the average dilatational wave velocity of the orebody is given. 
The acceleration records of gauge holes Gland G5 from a number of test shots 
were used in the determination of dilatational wave velocity. These records, all 
time-referenced to the explosive trigger probe, provided a means of determining 
transit time over a known path length. 

In Table 7 the average shear wave velocity of the orebody is given. 
Acceleration records made as part of the shear array experiment were used in 
the determination. A procedure similar to that used in the determination of 
dilatational wave velocity was used, with gauges placed in the shot holes W 

1 
and 

w2. 

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

Figure 8 shows typical oscillograms reproduced from tape recordings. 
From these records, the smoothed normalized parti~le velocity and displace
ment wave shapes shown i.n Figures 9 and 10 were produced. Reduced to numer
ical form, the information concerning particle velocity and displacement wave 
shape contained in Figure 9 was used In the present stress analyses, Figure 11 
is a logarithmic plot of peak shear particle velocity against 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. 

Laboratory Experiments 

Data Required from Laboratory Experiments 

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

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

"' '" · p Ctlg•d n lO ,, 
Ch.arse Ch" rsc Charae BuUc VOD 

Date" Shot No. flori~on w.t8ht Volume o~nsity tnetl'es Notes 
1965 (ltl lcl (ml) p~r sec 

M•r 26 E••t 6 No. I 29.0 Z9SO 3070 0. 96 -- Prohe l.iiL~d 

May 26 E••• 6 No.2 29.0 2950 n1o o. 90 4400 )~00 Cor 3 in. ..... ll £..t.tt " - No . I u:o Z9SO 2~0 1.1>0 3920 A"er~gll 

""'• )I E••l -4 - Nn. '1 29.0 2950 -- -- 4880 ProbC' error 7 

June l Eatt Z - No. I 27.0 Z9SO ·- .. 4120 lSOO Co~ 6 in. 

Jun e 2 z:-..t z - Nt>. I zs. 5 2950 3)60 O.A8 4110 --
~.:~:~~! D~viahon: 0. 94 4110 

-- --
~ 

~ 
,, 1 an tj Gco.,"l 60 

M•y ll W1•t 1 - No. I 29. s J400 Z560 l.ll 6350 --
M>y zs w.~t 1 - No. z 27.0 l400 ·- -- 6450 Sand bed sc-tHC"d 

May Z4 :£&11 7 - No. I 29. s )400 2)50 I. 45 -- Probe Jailed 

Ma·,.- 24 £••1 7 No. 2 26.8 3400 zzso 1. Sl 6)50 ·-
May 27 Wen 5 - No. I JO.O ) 400 Zi90 I. JS 6)00 --
May 28 Wut5 No. 2 19.0 3400 -- -- 6350 ~1\nd hl'tl !li,..UI,.. tl 

M•y lO .EA•t 5 No. I 26.0 3400 Z460 I. 38 6350 --
May JO :Eatt 5 - No. Z zs. s HOO HOO 1.48 -- Probe (ailed 

M • y 31 Wut 3 - l'lo. I 27.0 3400 n~o l. 51 -- Probe la.tl,.d 

M~r l I ..... t) - No. 2 zs.o )400 H60 1,38 6350 --
June I [& lift ' No. I H.S 3400 nso 1.51 6030 --
June I Eo.•t l No. 2 zs. s HOO Z)SO 1.45 5990 --
June 3 E AJit J - No. I Z7. ~ )400 2550 1. 3J 6600 --
J11110 ) Ea.•t J - No. z 24.7 )400 Z)SO 1. ~5 6150 --

Avcu.gL:: I. 4 1 6315 
Sb.ndard O('viatiOf\: 3.2,-. Z.l,. 

£ U\, jit Ccogeol 60 ,, 

M>y 25 w~., 6 No. I 29. s 425 ·- -- -- --
M•r zs W•et 6 - No. 2 Zf>.S iZ5 -- -- 642 SAnd berl seltled 

Moy 19 Wut4 - !-lo. I 30. J 425 3)0 l. 28 -- Pl'<>b~ h.ilcd 

M.ay 19 We.st <C - No.2 za. 5 425 -- -- 5900 $.a.nd be:d sutl~d 

May 29 Wut4 - No. 3 27.0 415 254 1.68 &lt.O --
June I We•t Z - No. 1 ze. s 4ZS HZ 1.45 6050 ·-
June I w~•t z - No. 2 26.5 4Z5 Z9Z I. 45 &350 --
June ) We~l I . No. I 28.0 425 no I. 28 6500 .. 

No. z rtol fired 
Avcn.g~; 1.43 6HO 
Standard Deviatiot~~: .. --
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TABLE 5 

Density and Location of Specimens from Various Gauge Holes 

G~uge Ho l e Approximate Spccifi~ Gauge Hole Approximate Spc~ ific 
and Depth Gravity and Depth Gr"vity 

Specimen No. {!t) Specimen No. (fl) 

GS-l 10 3.68 G2.' -4 30 3.42 
GS - 2. 10 3.66 G2' -5 30 3.81 
GS-3 10 3.56 G2.' ·b 30 3.50 
GS-4 30 3. 52 WI -1 10 4. IZ 
GS-5 30 3. 75 WI -2 10 3.73 
GS-6 30 3.48 WI -3 10 3.sa 
GJ -I 10 3.55 WI -4 30 3.80 
Gl -2 10 3.59 WI -5 30 3.1.7 
G3·3 10 3. 76 WI -6 30 3.89 
G3-4 30 3.56 C I -1 10 3. 41 
03-5 30 3.73 G 1 -2. to 3.39 
G3-6 30 3. I? G I -3 10 3. 54 
02'-1 10 3. 39 G6 -1 10 3.42. 
G2'-l. to 3. 71 G6 -2. 10 3.67 
Gl'-3 10 3.71 G6 -3 10 3. 26 -

Average Specific Gravity ~ 3. S4 

TABLE 6 

Dtlatational Wave Velocities Determined for the Path Between Gauge Holes Gl 

and G5 on Various Test Shots 

Test Shot 

W4(1) 
WZ(l) 
EZ(l) 
EZ (2) 
E3 ( 1) 
E4 ( 1) 
E5 ( 1) 

Average Value 

TABLE 7 

Velocity 
(metres/sec) 

6,700 
6,530 
6,350 
6,530 
6,530 
6, 180 
6,530 
6,460 

Shear Wave Velocities Determined on the Basis of the Path Difference 
Between the Shear Shot Hole G6 and Gauge Holes Wl and W2 

Tt:st Shot 

05 
05' 
07' 
07' 
G3' 
G4' 

Velocity 
(metres/sec) 

3, 250 
3,620 
3, 250 
3, 250 
3,650 
3,650 
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 his studies concerning rock. In this type of test, a compressive 
stress wave is generated in a cylindrical specimen by impacting one of the flat 
ends with a bullet or explosive; this becomes tensile on reflection at the opposite 
free face, By determining the free face velocity-time profile and the dilatational 
velocity, and lmowing the apalllength, the tensile stress at failure can be deter
mined using the formula 

fT = p cv, ••••• 1 

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

The modified Hopkinson apparatus used 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 
attack. 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 tab.le-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 magnetite specimens, from which dynamic 
tensile strengths were determined, 

The calibration factor relating voltage output and displacement of a 
parallel plate gauge is normally determined ballistically. In the present study, 
displacement was directly related to voltage output by use of an auxiliary photo
optical system. With this system a linear relationship was established between 
voltage output and displacement. By making concurrent, identical displacement 
measurements with the two systems, the capacitance gauge was calibrated 
directly. 

Tensile Test Results 

The results of the tensile tests are summarized in Table 8. A mean 
value of 130 kg/cro2 ksc was realized with a standard deviation of 28 kg/cm2 ksc. 
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TABLE 8 

Table of Results for Hopkinson Tensile Tests Conducted on 
Magnetite Specimens from Carol Lake, Labrador 

Specimen 
No. 

Tensile Stress in 
Failure Plane (psi) 

Mean Tensile Strength 
and Standard Deviation 

6 

7 
9 

10 
11 
14 
15 
16 
18 
19 
20 
23 
25 
30 
31 
32 

2,200 
2,000 
1, 500 
1,800 
2,400 
1,200 
2,200 
2,000 
2,500 
2,000 
2,200 
1,500 
1,100 
1,700 
1,700 
1,500 

1, 800 .:!: 400 or .:!: 22% 

Method ol Stress Anolysis 

Historical 

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

Outline of Method of Analysis 

It is assumed with this method of stress analysis that the disturbance 
resulting from the explosion of a spherical charge in a medium which acts in an 
elastic manner is limited to a radial longitudinal wave. When a charge is placed 
adjacent to a free face, the stresses at any point near the free face result from 
passage of the three 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
~tudinal wave at the free face. 

The stress components contributed to the stress conditions at a point 
such as {A) by the direct longitudinal wave are completely defined in terms of 
particle velocity, particle displacement, and elastic rock constants. 
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Similarly, the stress components resulting from 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 equations is the pro
duct of Up(r) and Uw(Tip), where U (r) is a function of rand describes the atten
uation of the peak value of displace~ent with distance, and Uw(Tip) is a function 

of Tip =- (t - __;__) and indicates the change in the value of the normalized dis
placement w~~ shape with time. Particle velocity V(r, Tip) can be described 
as a product of similar expressions Vp(r) and Vw(Tip)· For the reflected 
longitudinal (rp) and shear waves (rs), amplitude and 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 1n the three sets of Equations 2 , 3 and 4 are in 
polar coordinates referred to origins 0 1' 8 2 and 8 3• These origins are the 
intersections of the projections of the directions of the wave fronts back to an 
extension of the normal from the shot centre to the plane of the free surface. 
The computer program written to handle the synthesis of these stresses provides 
as an output the time-dependent principal stresses and also their directions re
ferred to origin 0. The user of the program selects the points where the stress 
conditions are to 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 em 
were considered. Because of the symmetry with a spherical charge , one of 
the three principal stresses is always in the 0 direction; the direction of the 
other two principal stresses, which are in the r (J plane, vary with time as 
shown in Figure 13 B. The principal stress coinciding with the 8 direction 
is denoted as u3; u1 and u2 are the principal stresses in the r fJ 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 
stresses at two locations on the normal from the shot centre to the free face; 
rr 1 coincides with the normal and u 2 is at right angles to the normal. rn pro
portion, the maximum compressive segment of U" 1 near the free face decreases 
because of the existence of the free face while the tensile segment increases. 
Figures 15A and 15B are examples of compiled principal stresses for points 
near a free face. The angle 4 is zero when the direction of the principal stress 
u 1 parallels the line betw een the charge centre and the point of computation; 
a is positive when rr1 rotates in a direction tending to parallel the free face. 
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Assuming tensile failure of the rock, the direct ion of cracking in the rO 
plane should coincide with the direction of u 1 and should occur when u-2 exceeds 
130 kg/cm2. Figure 16 shows the direction of !1' 1 and u-2 when this condition 
exists for a 3, 400 g charge of Geogel 60%, W = 120 em. In the region 0 > 4 5 •, 
u- curves gradually to parallel the free face, suggesting that crater profiles 
sh~uld be slightly convex. This effect was observed on a number of the craters. 
Besides the direction of principal stresses , Figure 16 shows the locus of points 
where a" 2 and u- 3 exceed 130 kg/cm2 • Assuming , then, that the field tensile 
strength of the rock is 130 kg/cm2 within the lines ( u- 2 max, u- 3 
max = 130 kg/cm2) , there is a possibility that cracks caused by the explosion 
may reach the free face and delineate the surface dimensions of the crater. 
Superimposed on the stress trajectories of Figure 16 are four half-profiles for 
craters resulting from 3, 400 g charges of Geogel detonated a t a depth of 120 em 
in this particular rock. Good ag,1·eement exists for a field experiment between 
the sur face crate r dimensions and those one would expect from a maximum ten
sile failure theory on the basis that a" 2 or u- 3 exceeds 130 kg/cm2• 

The analysis also provided data on the direct stress wave propagated 
into the rock mass by the two explosives used. Figure 17 is a plot o.f peak 
values of u- r ip and u- t ip for the two explosives. From this plot it can be 
shown that the r atio of peak radial stresses for those two explosives is 1. 6 
at a distance of 100 em 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: 

2C1. .p. Pct 

p (t) = D + C 
P e 1.p ..... 5 

is appHcable to determine imposed or transmitted pressures, a ratio of 1. 68 
was obtained. In this equation, P d and Pt 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 substantial, the agreement would suggest that, at least for a quick calcula
tion, the acoustic r elation provides relative peak stress levels in the vicinity of 
different explosive charges for the same rock. 

SimulrJteJ Direct Stress Resulting From o Column Ch11rge 

Method of Analysis 

Various patterns can be employed to detonate a column explosive charge, 
It is of considerable practical interest to know the relative effect of various meth
ods of detonation on the resultant direct stress pattern, if optimum breakage is. 
to be realized. On the basis of a knowledge of the direct stress resulting from 
detonation of an elemental charge unit, a method of analysis has been developed 
(4, 5) to simulate the stress distribution in the vicinity of a column charge. To 
date, simulation of the stress distribution resulting from single- and two-point 
simultaneous detonation of an explosive column has been completed, using data 
from the HM Geogel 60% field t r ials, 
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Results of Analysis 

Charge columns 7 metres in leng-th were considered \n the analysis. 
These columns were simulated by 22 charge elements which in diagrams such as 
Figure 18 are indicated by location numbers (K). Principal stresses and din~c
tion were calculated on lines paralleling the axis of the charges for various 
distances W from the charge axis. Figures 18A and 18B are plots of location 
number K versus peak compressive value of PS 1 and peak tensile value of PS 2, 
the principal stresses, for various separation distances W with single-point 
detonation at K = 1. Figure 19 is a companion plot indicating the direction of 
principal stress when these maximum values have been attained. A negative 
angle in this plot indicates deviation from the normal towards the charge column 
in the direction of flow of the detonation (rant in the column. Figure 20 is a 
similar 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 separation distance has been considered in Figure 20, 
W = 2. 5 metres. Figure 21 is a companion plot to 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 location::;, for single-point 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 tlte surrounding rock mass is highest. It is 
evident from Figure 20 that, in terms of uniformity of peak stress along the 
explosive column, suitable two-point detonation can produce a considerable 
improvement. Comparison of Figure 19 with Figure 21 wilt show that there is 
little modification in the direction of principal stress at peak values with the 
various detonation patterns. From Figure 22 it is seen, by comparison with 
similar wave shapes for single-point ddonation, that the increase rcali:t.cd in 
the peak value of PS 1 in the vicinity of the lower end of the charge column is 
achieved at the expense of pulse width. The effect of double detonation in this 
example has been to adjust principal stress wave shapes PS 1 and PS 2, in the 
area surrounding the initiation section of the charge column, in a manner which 
improves stres::; conditions for rock breakage. However, where benches are 
involved, either two- or single-point bottom initiation of a column charge would 
appear to have advantages over top initiation. First, the explosive acts as its 
own stemming material, optimizing any gas effect associated with rock throwing 
or breakage. Secondly, peak stresses are developed normal to the face in the 
lower section, optimizing initial tensile breakage as a result of stress wave 
reflection. Bottom detonation also means that the rock mass forming the bench 
slab to be blasted is undercut. As detonation proceeds up the column charge 
with more oblique incidence of the principal stress on the orig.inal free face, 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 vicinity 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 cons istent with the calculated stres
s es and with the use of maximum tension as the failure crlte rion for the rock 
material. The results indicate that, although u 2 (the t ensile stress acting in 
the vertical plane) is probably decisive in shaplng the crater, the projection up 
to the ground surface of the locus of points of u 3 (the tensile stress acting hori 
zontally), which indicates the extreme lateral pos ition when the tenl:lilc st-rength 
of the rock Is exceeded, best defines the crater radii. It fo llows from this 
analysis that a large zone probably exists in the groWld around the lower part 
of the crater, where tensile fractures exist. 

The studies also indicated that relative stress leve ls in elas tic rock 
masses resultlng from detonating contained charges can be roughly determined 
from the dynamic properties of the rock and explosive by use of the acoustical 
coupling relationship. Further experiments, however, are required for abso
lute verification. 

The limited agreement achieved with this method of analysis, between 
predicted and actual crater dimension~:;, provides some justification for using . 
this method of analysis for simulating the stress distribution in the elastic zone 
around explosive charges of variou s geometrical shapes. With this llubstantiation, 
a study of the stress distribution surrounding column charges was undertaken. 
From the initial results of this study, it would appear that, to obtain uniformity 
of peak stress, two-point simultaneous detonation of a colunm charge is prefer
able to single-point detonation. 

Further field trials arc r equired to augment the data prtlsentcd here. 
Larger shots are required to test the effect of scale and of gross structural 
features. Field work is also requ ired, to ve rify some of the conclusions con 
cerning column charges that have been arrived at purely analytically. It would 
be desirable to develop, on t he basis of explosive and rock properties, a method 
of predictlng the absolute stress levels that are produced in a rock mass by the 
detonation of a charge; this method would replace the present methods, which 
involve an elaborate field experiment. 
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Figlll'e 3A. Photograph of accelerometer mounting assembly assembled 
and disassembled . 

If*- - - 0 RinQ Soot 
V..L~t--- Pitlon 

Tap•rtd Slcevea 

. ,..+.>-.""!---- Acce1trcmeter 
Uoutttinq Position 

Figlll'e SB. Section diagram of accelerometer mount assembly. 
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Without foil 
(5 IJ.See/cm, 5V /em) 

B 
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Figure 4. Photographs Ulustrating the effect of foil covering on the step waveform 

of current probes; also a typical field record. 
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Figure 8. Examples of oscillogram caused by 
2,950 g Cilgel B 70% at r = 5. 8 metres. 

Time scale --02ms 

Time scale 

0.2ms 

198 



--U('t) 
1·0 ~~, --- -vcn 

I 
I 

I 
05 I \ 

I \ 

~ I \ 

> I \ 
I \ 

0 
\ 0 2 0·4 06 1-4 

t: " --::::) " --....... -
- 0·5 't{ms) 

-1·0 
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Figure 16. Directions of principal stresses when the tensile value of o- 2 
attains 130 kg/ cm2 for 3,400 g Geogel 60%. W = 120 em. 
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THE EFFECT OF STOPING ON THE STABILITY 

OF A REMOTE PRE-EXISTING TUNNEL 

W.D. Ortl~pp* 

Abstract 

The problem of predicting damage in a pre-developed 
tunnel influenced by stoping, is cmisidered in general terms and 
illustrated by means of a stress analysis of a specific case. 

Knowledge of the stress distribution and of the mecha
nics of fracture initiation, 1s 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 possible 
without the theoretical analysis. 

Introduction 

The support and layout of tunnels and other long excavations of roughly 
equi-dimensional cross-section, form the most common of mining problems. 

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

*'Rock Mechanics Engineer, East Rand Proprietary Mines, Limited. 
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In South Africa, rock mechanics research has been mainly orientated 
towards the problem of rockbursts. However, much of the fundamental know
ledge so gained can be applied to the design and layout of tunnel-like excavations. 
Together with the results of research more specifically directed towards these 
latter problems, this provides some hope that the traditional approaches may 
soon 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 difficulties which prevent the application of a com
plete rational deSign procedure. 

Statement of the Problem 

The East Rand Proprietary Mines, Limited, is the largest and deepest 
of the older gold mines in South Africa. The gold bearing conglomerate is one 
stratum 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 
4ft and dykes and faults, although quite common, do not appreciably disturb 
the essentially plane and continuous nature of the stoping excavations. 

Of the 260,000 tons milled per month, 80 per cent is stoped 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 systems. 

The main access and all services to the easternmost of these systems, 
'V longwall, is provided by a 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 is sup
ported only by rock-bolts except for isolated portions where steel arches have 
been installed (Figure 2). 

Unlike the main connections between the other longwalls, this haulage 
was developed prior to stoping of the reef below. Consequently it was inevitable 
that it would be subjected to increasing stresses 8.B the 'K' east and 'L' west 
longwall faces converge. Since 'L' longwall produces nearly 20 per cent of the 
mine's total tonnage, any collapse of 58 haulage would have serious economic 
consequences. 

Developing a new haulage through stress-relieved ground already 
overstoped to the north, would provide a certain but costly way of avoiding 
these consequences. Alternatively, considerable additional expense might be 
involved in modifying the stoping l ayout, or sequence, to minimize the damaging 
effects on the haulage above. These considerations and the requirements of 
safety, demanded that an attempt be made to assess the likeli.hood of collapse 
of 58 haulage. 

The situation was without precedent as the other main connecting 
haulages are in the footwall and were post-developed in stress-relieved ground, 
usually about 250ft below the stoped-out areas. Pre-developedfooflwall haulages 
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on 68 level at a depth of 9,400 ft, about 160ft below the reef plane, have suffered 
considerable damage beneath the advancing longwall. Figure 3 shows the ap
pearance of this tunnel when re-opened after a minor bUl·st. 

Because the surrounding argillaceous quartzite is relatively weak, the 
damage suffered by 68 haulage affords no 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 800ft above the plane of stoping. 

The lack of suitable experience to guide empirical decisions in this 
instance, made it necessary to adopt a more theoretical approach to the analy
sis of this problem. 

V o/iJotion of the Elastic Approoch 

The theoretical behaviour of quartzites of the South African gold mines 
has been established by comparing displacements observed underground 'With 
those expected from elastic theory - Cook et al. (1). One such comparison was 
baaed on observations made on 58 haulage. 

Since February, 1962, precise levelling of 23 rock-bolt benchmarks 
anchored at a depth of 8 ft in the haulage roof (Figure 4), has provided a mea
sure of the vertical differential movement of the rook mass containing the. 
haulage. The changes in elevation observed 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 assumed to have behaved according to theory. The detailed 
history of observed displace.ments, relative to this benchmark, are shown in 
Figure 6 together with the corresponding theoretical displacements. 

The theoretical displacements were computed from convergence data 
obtained from the electrolytic analogue described by Salamon et al. (2). The 
following assumptions were made: -

1 . The original vertical stress was equal to the superincumbent 
load. 

2. The horizontal to vertical stress ratio was 'k' "' 0. 2. 

3. The Young's modulus was 107 psi and the Poisson's ratio 0.16. 

These latter values are typical of the moduli obtained from the testing of 
small specimens of E. R. P.M. quartzite. Measurements of "convergence" 
were confined to the areas shown in Figure 4, but the correct boundary condi
tions were obtained by recognizing, in the analogue model, the existence of all 
nearby excavations and the llmitation imposed upon the convergence distribution 
by the original stoping width of 4ft. In addition, the stress gradient associated 
with inclined excavations was taken into account. 
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The qualitative agreement is good and quantitative discrepancies arc 
appreciable only at benchmarks 1 , 6 and 23. These differences ar e not easily 
explained but may be because of: -

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

b. en:·ors in the stopin~ widths assumed for the earlier mined 
portions of K and L longwalls , or 

c. variations in the primitive str ess distribution . 

Mcasuren1ent of the absolute stress in rock is a difficult proccs::~ and 
some uncertainly still attaches to the rather meagre results so far obtained in 
South African gold mines. However, the indications are tlmt the vertical stress 
is approximately equal to that , due to the weight of the overburden, and the hori
zontal components are some fraction of thiS value. 

The magnitude of the vertical displacements arc 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 not sensitive to variations 
in the hori:t:onlal primitive stress is demonstrated in Figure 7 where U1e dis
placement components for 'k' ratios of 0. 1, 0. 2 and 0.4 are shown. 

The good correspondence between the observed and theoretical dis 
placement may thus be regarded as sufficient proof of the essentially clastic 
nature of the rock mass behaviour anct of Lhe validity o( the assun1plions re
garding Young's modulus and the value of the vertical component of the origi
nal stress. It does not, however, throw any light on the values of the horizon
tal primitive stre::~ses. 

The F11tvre Stres s Distrihvtion 

It was felt that the use of the analogue for the prediction of the 
stresses that would be induced hy the mining of the abutment between K and L 
Iongwalls, could be justified provided that the lateral stresses were interpre
ted with a certain amount of latitude. 

The ilieoretical stress fie ld was determined from the convergence 
distribution measured on the analogue, in the same way as the elastic disp lace
ments were determined. The same constants were used, the same assumptions 
were made and the same bolll1dary conditions prevailed. 

The policy of slightly underhand longwall m ining, where individual 
stope faces arc maintai11ed in line and advance in the strike direction at 
approximately 20 ft per month, leads eventually to the development of a nar
row peninsular abutme.nt whose peak moves gradu!'tlly down dip . Leaving 
small island remnants 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 \'\o'ilh the mining of the peal'. Because of intensive faulting, dykes 
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and low gold content, it was planned to leave anothe1· such remnant at III. Leav
ing the dyke intact above this remnant and so avoiding the considerable difficul
ties and cost inevitably associated with mining of large dykes , appeared as a 
very desirable alternative possibility. 

Accordiltgly, two alternative configurations for June, 196 7 , were 
recogni7.ed in the analogue model of the future mining outlines. F igure 8 shows 
the five configurations for which the convergence distributions were measured 
to yield , after digital computation, the future stresses at points A to II on 58 
level , and J to L on 68 level . 

The principal stresses at each point were evaluated for three values 
of the original vertica l to horizontal stress ratio 'k', viz 0. 1, 0. 2 and 0. 4. 
The variation, along 58 haulage , in the major principal stresses "'3 and the 
minor principal stresses "'1 , are shown in Figure 9 for a 'k' r atio of 0. 2. The 
stresses at F, G and H relate to the "dyke intact" alternative, while the more 
complete stress profile through A to F , indicates the stresses that would 
develop as a result of removing the dyke in the course of minlng out the peak 
symmetrically. 

The corresponding stress changes at points J, K and L on 68 leve l 
haulage are s hown 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 various displacement components, the 
major , near-ver tical principal stresses are insensitive to changes in the k 
ratio while the values of the minor, ncar horizontal principal stresses 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 the digital 
computer, in terms of direction cosiness with respect to the strike, dip and 
perpendicular directions of the plane of the excavation. The isometric dia 
gram of F igure 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 from the symmetrical stoping of the peak are shown as solid vectors and 
those because of the intact dyke, as broken vectors. The orientations of the 
prillcipal stresses are also relatively insensitive to variations in the ratio k. 

Prediction of Oomoge 

An assessment pf the damage that might occur in a tunnel requires 
a knowledge of the response of a relatively complicated structure to a complex 
stress situation. The stresses have been approximately specified for the 
idealized e nvirorunent and, ignoring the shell of fractured rock that may exist 
as a r esult 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 intensity of 
damage that may result. 

For the prediction of fracture initiation , a "strength" criterion is 
necessary. It is well known that the strength of a brittle material is not a Wlique 
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. These tests yield limits which can be represented 
as a Mohr failure envelope or, perhaps more conveniently, as a plot of the sums 
and differences of the principal stresses which caused failure . 

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

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

b. a quartzitic shale similar to that encountered on 68 haulage. 

Any stresses which plot above this line indicate 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 is as continuous as the small specimens from which the data were de
rived. If discontinuities such as faults or joints exist in the rock mass, its ten
sile strength will be zero and the behaviour of the material will be governed by 
fxiction only. The lowest strength of the rock mass is thus represented by a 
parallel line passing through the origin. 

Wher ever tensile stresses exist then , it is likely that fracture will 
occur in the rock mass. Even in the abs ence of discontinuities, fracture can 
occur if tensile stresses develop even moderate values . 

Although obvious , it is perhaps necessary to emphas i ze at this stage, 
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, its 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 in small 
brittle specimens, has been shown by Cook (5) to result 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.ayovts 

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

This realizatio11 makes it difficult to compare the likelihood of damage 
arising in different situations even where the different stress environments are 
known. It becomes necessary to attempt to visualize all types of dan1age 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 analogue 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 stresses in the strike direction 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 unmilled are plotted in Figure 13A. 

This shows that the intact dyke induces tensile stresses of sufficient 
magnitude to cause fracture to initiate, even in a rock mass free of discontin
uities, provided that the original stress ratio 'k 1 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 (6) has suggested that the original stress ratio cannot be less 
than about 0. 3, and it can be argued that the bulking effect, r esulting 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 sufficient discontinuities in the form of faults, dykes or joints to reduce 
its strength to considerably less than that shown in Figure 13. The fracture 
locus may even pass through the origin. 

In this event fracture would occur even with 'k 1 ratios of 0 . 4 or 
greater; indeed fracture must already have occurred as early as June, 1966, 
even at points as r emote as B . The fact that no 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 does not present any danger to the 
haulage . This feeling is fur ther reinforced by the disclosure in F igure 13B that 
str esses 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 
therefore not associated with low stress fracture in the rock mass. 

Falls from the Roof 

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

According to theory the fir s t fracture to develop is a tensile crack of 
limited depth along the centre-line in the r oof of the tunnel. This feature, 
which has been demons t rated in models - Cook et al. (1) page 514, is 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 s uggests that it is of no 
practical consequence. 

F racturing in the corners of excavations is common and, combined 
with possible separation along pronounced bedding planes, is frequently the 
cause of potentially dangerous loose slabs in the roof. These are l ikely to r e
present a hazard only if insufficiently s upported or, indirectly, if shaken free 
by the t remor from a distant rockburst or impelled into the excavation by a 
burst within the walls of the tunnel itself. 

While the severity of these r oof conditions is l ikely to be broadly re
lated to the intensity of the environmental stresses, it is probably more influen
ced by local variables such as geology and shape of the tunnel cross- section. 

Since these variables are not recognized by the analogue, 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 Sl abbing 

The most common form of tunnel damage occurs as 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 
s tr ess . The process of slab formation thus requires that the vertical s tress 
parallel to the sidewalls, should exceed the Griffith strength of the rock. 

The formation of s labs does not 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 
situation will arise if the pressure of the bulging sidewalls displaces the legs of 
arches or concrete retaining walls which , in tw·n, are s upporting large slabs of 
loose roof. 
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Accordin,g to Fairhurst and Cook, stability of sidewalls is assured in 
a haulage of optimum shape, where the sides have been cut to a cw:ve of suitable 
radius and adequately rock- bolted, provided that the vertical component of the 
field stress does not increase above about one-half of the Griffith strength. In 
the case of 58 haulage, where the rock has a Griffith compressive strength of 
30, 000 psi , Figure 13A, vertical field stresses in excess of 15, 000 psi are tltus 
likely to cause slabbing of the sidewalls which are insufficiently curved and in
adequately rock-bolted. 

Obviously the probability of this type of damage is directiy related to 
the magnitude of the principal stress increase. Consequently the stoping se
quence which results in the smallest increa~>e , affords tlle best chance of survi
val of the haulage. Thus symmetrical stoping of the peak is preferable to 
leaving the dyke intact since the latter alternative imposes higher stresses 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 present a threat to sidewall stability. 

Rockbursl Damage 

Severe rockbursts in stoping areas frequently cause dam age to adja
cent drives , cross-cuts and haulages in the form of scattered falls of greater 
or lesser extent. This damage results from the 'shako-up' of potentially dan
gerous conditions already existing as a result of tlte roof fracturing or sidewall 
slabbing processes 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 severe. The dam age shown in Figure 3 is the aftermath of one s uch event 
which precipitated a few hundred tons of broken rock into 68 haulage, over a 
distance of about a hundred feet. 

The shape of the zone in which fracturing is initiated around a haulage 
subjected to some specified field stress, can be defined by a m ethod described 
by Hoek (8), which involves established elastic techniques and accepted concepts. 
However this method does not recogni:r,e the effect of already fractured material 
upon the highly stressed solid which is about to fracture, nor does it describe 
the rate at which the fracture zone propagates. 

A non-linear elastic continuwn approach described by Deist (4), 
shows more promise. It recognizes the dynamic reaction, on the unfailed 
mass , of material which is fracturing and yielding in a known manner and which 
is all important in controlling further fracture. A reiterative computer 
program traces out the sequence of stress changes and displacement velocities 
radiating away from the twmel void which has suddenly been created in a 
specified stress field. 

213 



For each point in a grid surrounding the void, the computer examines 
the instantaneous stress values to establish whether the rock has fractured but 
retains some strength, has broken and is unable to susta in 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 d(:}termined and some 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 present form, consi
ders the case of a tunnel suddenly created in a specified stress field. This dif
fers from the actual situation where an existing tunnel is subjected to an in
creasing stress field. For these reasons it has not been possible to compare 
the rockburst- damagc potential of the stress situations arising along 58 haulage 
as a result of the different mining layouts proposed . 

Condvsions 

The preceding discussion has indicated that the solution of problems 
involving the layout of tunnels or the design of their support, is assisted by a 
knowledge of the stress distribution and of the mechanism 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, aroWld the maln stoping 
excavations, on the tensile stresses which these excavations 
theoretically induce in the surroWiding rock mass; 

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, 
particular!)' in respect of the energy changes involved. 

However it is reasonable to suggest that the use of rational procedtu·es, 
even if they are not entirely adequate, is preferable to purely empirical ap
proaches. Moreover, comparison of theoretical 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 conclusions. 

1. It is possible 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 stresses of late 1966 , 
and the duplicate tunnel will not serve any useful purpose. 

2. The increased stresses are almost illliformly distribuled 
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 otherwise be 
involved in stoping the dyke was devoted to improving the 
support, there is a reasonable chance that the haulage will 
survive the increased stresses r esulting from the dyke 
remnant. 

4 . The existing island remnants I and II and the proposed 
remnant lii are so located that they do not directly en
danger the haulage. 
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Figure 1. Isometric view ofK and L longwalls, E. R .P. M. in March , 1962 . 

Figure 2. View east along 58 haulage in vicinity of benchmark 15 , 
September , 1966 . 
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Figure 3. View east along 68 haulage showing damage to sidewall and 
loss of r oof as a result of a minor burst, May, 1962. 

Figure 4. Reef plane projection of K and L longwalls showing the elevation 
benchmarks and sloping outlines for which the theoretical 
displacements were deter mined. 
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Figure 8. Reef plane projection of anticipated s toping outlines in the K 
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and L longwalls, for which theoretical stresses were determined 
on 58 and 68 level haulages. 
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Figure 12. Isometric view of the major and minor principal stress vectors 
along the line of 58 haulage, in June, 1967. 
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EXPERIMENTAL DETERMINATION OF VISCOSITY 

OF ROCKS BY A SONIC METHOD 

Dr, M.H. Ran a*, and D. W. McKinlay 

Al.stract 

If the kinematic solid viscosity of rocks can be deter
mined, it may be possible to draw some general conclusions 
concerning their strength and time-dependent behaviour. Rocks 
and rook- like materials deform .in a viscoelastic manner, ap
proximating to configurations of the Kelvin and Burger types , 
depending on the range of interest involved concerning behaviour. 
A rheological model can be used for the determination of vis
cosity of rocks. 

Damping of sonic oscillationa in rocks can be deter
mined in situ and in the laboratory. This, in turn, permits 
calculation of the coefficient of equivalent viscosity, which 
seems to be a potential futm·e criterion for structural design 
involving rocks. 

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

Solid viscosity is an important rheological parameter 
in the material behaviour and attempts are now being made at 
Queen 1 s University to bring the concept into practical visco
elastic structural design involving rocks. The possibilities of 
thi,c;~ approach are discussed in the paper. 

*Assistant Professor, Department of M:lnJng Engineering, Queen's University, 
Kingston, Ontario. 
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Introduction 

Rocks behave viscoelastically on a time-dependent basis and it is impor
tant to evaluate their viscous and viscoelastic parameters in order to design 
sound engineering structures, A mine designed from a viewpoint of rock mech
anics is an engineering structure and an engineer is concerned with its sound
ness from an operational standpoint. So far, rock mechanics designs have been 
mostly based on the dynamic and static elastic properties of rocks. It Ls logical 
to adopt a viscoelastic approach in rock mechanics, but time and again , the engi
neer is found helpless in this r egard because little, if anything, is reported in the 
literature on the determ:lnation of viscous and other inelastic rock parameters. 

The first author (1963) attempted to e..'<perimentally determine the co
efficients of solid viscosity of rocks using a number of techniques and the r esults 
obtained were encouraging, These results have since been published (1965), 
This work indicated that a coefficient of solid viscosity is a potential future cri
terion 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, 
specially for in situ determinations of solid viscosity, since we are a l.ming to 
incorporate the concept in practical design. 

A familiar sonic method has been used in an attempt to determine exper
imentally the coefficient of equivalent viscosity of rocks. This pa.ra.meter actually 
is the internal friction encountered by sonic waves of a certain frequency when 
propagating through a given material. Essentially~ the values of viscosity pertain 
to a no-load condition. As a by-product of this work, in tl.me. 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 obtained previously (1963, 
1965) and it appears that the coefficient of equivalent viscosity has values similar 
to those of the coefficient of structural viscosity determined previously, This 
is despite the differences in the loading conditions and the rock types. 

The present work is of prelim.Jnary nature. However, the results indicate 
that it should be possible to determine the coefficient of equivalent viscosity at 
any load. This is a real possibJllty in view of a lot of work done in the past on 
the determination of elastic properties of rocks by sonic methods. 

Analytical Considerations 

The present investigation is based on the wo1·k done by Terry and Mor
gans (6) who s tudied the rheological behaviour of coa l. 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 is based on the Burger con
figuration (Reiner, (4)). As is well-lmown , it is a rheological modelt•esulting 
from a series combination of a Kelvin solid and a Maxwell liquid conforming 
to the equation: 

E( f + Tk t) = S udt, ••••• 1 

where E = Young 1s modulus 

f = unit strain 

i = strain rate 

Tk= retardation time 

u = normal traction 

T m = relaxation time 

In terms of shears, Equation 1 changes to: 

G( 'Y + Tk 'Y ) = T 
1 +---

Tm 
s Tdt ••••• 2 

where G =shear modulllS 

'Y = displacement gradient 

..Y "" velocity gradient 

T = shearing traction 

Reiner ( 4) has used a more consistent approach for derivation of the 
rheological equation of the Burger's body. He considers the displacements of the 
Maxwell and Kelvin models additive. If 'YB is the velocity gradient associated 
with the Burger's body, then, from: 

-;.B = ..Ym + ..Yk 

a little analysis ylelds: 

· I . I ct [ -G/ 7J • t ( 1 
'Y = r 7J + r G1 + d.t-" e 'Y os + --;;-;-

where 7J == coefficient of shear viscosity, 
'Y os ;: initial strain of the solid component 

t shearing traction rate 
G

1 
= shear modulus of the Maxwell component~ 

• 4 Ill •• 3 

t G/ t J ! -re 'l 8 dt) 

• •••• 4 
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Carrying out differentiation in Equation 41 the Burger's equation can be written 
as: 

1 'l + 'l s -G/ 77 8 .t G/ 71 .t 
+ 1-jG - ..ll..._ e ('YOS + - 1 - J dt) 

1 'l 
8 

71
8 

re 

••••• 5 

where '1 s = solid viscosity 

Considering Equation 2, Jeffreys (1) has remarked that a substance 
follows the firmo-viscous law if Tm = QO and the elastico-viscous law ifTk'-'o. 
Further to this, Reiner (4) has said that the material will flow indef.lnitely with 
long, continuous stresses and that partial recovery on unloading will be gradual. 
In case of problems associated with simple elastic solids, the material behaviour 
could be determined by writing G( 1 + Tk +>I (1 + Tm1 ~) for G, so long 

as squares of the displacements can be neglected. 

An approximately simply elastic body has a large T
0 

and a small Tk and 
has G [1 + Tk (d/dt)- 1/Tm (d/dt) J for G. The damp:lng of surface waves 
resulting from earthquakes suggests that either Tm = 750 sec and Tk : 0 or 
Tk = 0, 004 and Tm == c:o (Reiner, (4)). In the rocky shell, approximately, Tm 
is greater than 3 x 108 sec, Tk = 0, 004 sec, G = 1. 7 x 1012 dynes/cm2, and 
'l = 5 x 1020 poises . 

Rana (5) has Indicated a value of the coefficient of solid viscosity of a 
Queenston limestone at about 5 X 1017 poiSeS, 

Terry and Morgans (8) have studied the rheological properties of coal, 
based on the Burger's model, using a sonic method. However, they have mostly 
been concerned with tbe variation of retardation time of elastic waves, when 
passed through coal spec:lmens, with frequency. Their approach can be extended, 
with some modification, to determine the coefficient of equivalent viscosity of 
rocks by a sonic 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 c losing of the dashpot in the 
Kelvin component of the model. An attenuation constant is defined such that the 
amplitude of a sound wave falls to _l_th of its initial value after travelling a 
distance _1_ in the matel'ial. The ielationship between this coefficient of atten-o: 
uation and the retardation time T}m, associated with the dashpot in the Kelvin 
component of the model, has been shown (Terry, (7)) to be: 

••••• 6 
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where w 
2'11 

frequency 

c wave velocity 

p density of the material 

and E8 Young1s modulus resulting from the combination of the similar 
moduli, arising out of the springs in the Maxwell and Kelvin components of the 
Burger 1s body. 

E
8 

can be determined by the sonic method or mechanically, 

For a vibrating rod of a material under test, if fo is the r esonance 
frequency and .:l f is the difference between the two frequencies which correspond 
to a variation at half of the developed mechanical power at resonance , a mech
anical quality factor Q can be defined as: 

Terry (7) bas shown that: 

1« = Sln h-1 (Sin 1 fol!" 
cQ 

where 1 = length of rod. 

••• • • 7 

••••• 8 

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 evaluate the coefficient of attenuation ac: , if the length 
of the specimen and the velocity of propagation of sound waves are dete rmined. 
Consequently, Equation 8 can be used to determine T kk for a sample. 

Now, following Kolsky (2) 1 a coefficient of equivalent viscosity can be 
computed, using the relationship: 

'~s = Es • Tkk ••••• 9 

It should be obvious from what baa been presented above, that the co
efficient of equivalent viscosity refers to tbe internal friction of a material, which 
1n turn, bas been variously called as the "specific damping capacity", or the 
"specific loss". 

Preporotion and Descriptio" of Samples 

Ten drill core samples were tested for this investigation. EX Cores 
(7 /8-in. diam) were used and most samples were cut to a length of12 in. Gen
erally, a length to radius ratio of about 10: lis considered satisfactory in sonic 
testing of rock samples, since the correction factor produces a percentage error 
less than 0. 25 pe r cent, which can be neglected (U.S. B. M. R.I. 3891, 1946). 
This ratio, for the core samples used in thls 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 obtained, 
were selected at random from the discard pile of a producing mine. 

The samples were classified into three groups based on their structural 
relationship. A geologist's report describes all thes e samples as belonging in a 
zone of hybrid norite or micronorite structurally related to a domed hanging-wall 
contact. The zone consists of noritic breccias; very fine grained noritic to 
granophysic rocks, usually with quartzo-feldspathic ra~ and granulated patches. 

The samples can be roughly classified into three groups as shown in 
Table 1. 

Group 

I 

II 

III 

TABLE 1 

Idealized Classification of Samples 
Indicating Structural Relationship 

General Classification 

Fernie Norite, 
Hangingwall 

Norite Breccia1 

Contact Zone 

Micronorite , Hanging-
wall 

Sample Nos. 

1, 4, 5, 7, 8, 9 

2, 6, 10 

3 

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

Experimental Eqvipment onJ Procedure 

The main components of the apparatus are represented schematically in 
Figure 1. The equipment was designed in accordance with the details laid 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 oscillator is used, and produces a constant voltage 
signal that can be varied from 0 to 20, 000 cps. It has a provision, using the 
damping factors of rocks, corresponding to a particular mode of Vlbration, 
which can be measured. 

The power amplifier enhances the signal from the oscillator. 
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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 electrical signal is produced in the cart
ridge, A variable reluctance cartridge is generally usedJ but the authors find 
that a ceramic cartridge produces a much larger signal. 

The preamplifier is designed to amplify the pick-up signal and to fllter 
out the low frequency noise that may have been transmitted. 

The voltmeter indicates the magnitude of the pick-up signal. When 
resonance occurs, the signal is a maximum. If the peak is high enough above 
the background noise, the band width of the peak can be determined. This band 
width is determined when the frequency is moved 1n both directions off the 
r esonance frequency and the voltmeter registers a drop of 3 decibels in each 
case. 

The dual-wave oscilloscope used is useful in determining which resonant 
peak is the fundamental. The signals are taken from the beat - frequency oscilla.
tor and voltmeter 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 apparatus; one without 
and the other with the dual wave oscilloscope. Figure 5 shows the details of the 
transmitter end of the arrangement. 

Generally, a drill core sample is balanced 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 
readings of~ 50 cps that can be taken at any frequency setting of the main dial. 
This increment dial is used only after a resonant peak is found. 

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

The bandwidth of the resonant peak, used to calculate !l f and hence the 
mechanical quality factor 'Q 1 is found by turning the increment dial off the reso
nance frequency position in either of the two directions until the voltmeter read
ing is 3 decibels less than the peak reading in each case. The sum of two read
ings on the increment dial gives the value of 6 f. 

The equipment can he used for measurements in each of the fundamental 
longitudinal and torsional modes. The measurements made during this 
investigation pertain only to the longitudinal mode. 
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t-v 
to) 

t-v 

Sample 1 p f1 Lif 
No. 

1 29.92 2,81 7. 4 120 
2 30.65 2.80 9.0 55 
3 30.65 3.12 8.8 110 
4 30.48 2. 92 8. 4 97 
5 30.73 2.90 7.9 100 
6 30.65 2.85 9.4 28 
7 30.65 2.84 8.2 89 
8 30.73 2. 91 8, 7 87 
9 30. 65 2. 87 8.5 97 

10 30,73 2. 82 9,2 46 

TABLE 2 
Results of Sonic Tests 

Q XC w 
-4 

x105 xlO 

61.., 6 4, 43 4,65 
163,6 5.52 5,65 
80,0 5. 41 5.525 
86.6 5. 13 5. 275 
79.0 4.85 4.96 

835.7 5. 76 5. 90 
92,1 5. 03 5,15 

100 5.34 5, 46 
87. 6 5.22 5. 34 

200 5. 59 5.775 

LEGEND: 

1 
p 

~1 
Q 
c 
w 

k = 
0< = 
Ea: = 
E = s 
1! 

length in em; 
density in gm/ cc; 
resonance frequency in the longitudinal mode, kcps; 
damping factor, cps; 
Mechanical qua.llty factor , Equation 7 
longitudinal velocity = 2lf1 , em/ sec ; 
271"fl; 
w/c; 
the coefficient of attenuation; 
c2·p, gm/cm2; 
Ea:/4, gm/cm2; 
coefficient of equivalent viscosity, dyne sec/cm2• (poises) 

k 
x~o-4 

Ec Es Tkk )1 

x!Oll sec~S x108 

x1011 x10 

, 1050 8. 5.2 5,54 1.38 5. 31 7. 34 
.1023 3.13 8. 51 2,13 11.12 23.7 
.1023 6.39 9,04 2.26 5,82 13.15 
,1030 5. 96 7. 66 1. 92 6.56 12. 6 
. 1021 6. 51 6,86 1,72 1,37 10.9 
.1023 1.524 9,40 2. 35 22,80 53.6 
.1023 5.58 7,16 1.79 7.13 12.8 
. 1021 5,11 8. 39 2,10 7.25 15, 2 
,1023 5. 84 7. 77 1. 94 6.58 12,75 
. 1021 2, 55 9,05 2,26 13.90 31.4 



Results 

Table 2 gives the results of sonic tests, performed on 10 samples, 
along with subsequent calculations leading to values of the coefficient of equi
valent viscosity, 71 • All the results are recorded in c . g. s . units, 

f1 (which is equivalent to ~ in Equation 7) and LJ.f were measured for 
each sample, from which Q's were calculated, using Equation 7. Velocities in 
the fundamental longitudinal mode were calculated using the relationship c == 21f

1
• 

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

Ec:c was first calculated as shown in Table 2, and then in accordance 
with some implications of the work due to Terry and Morgans (8) E s 1s were 
calculated as E cr.: /4. Tkk's were determined by using Equations . Finally, 
Equation 9 was used to determine 71's. 

Discussion 

The results are of preliminary nature but compare reasonably well with 
those obtained by the first author (1963) concerning solid structural viscosity of 
Queenston limestone. The latter were .in the 109 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 Queenstoo 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 poises 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, however, 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 solids is 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. lt seems probable that 
the rock packing patterns play important part in dissipation of mechanical energy. 
The grain size and shape in a rock, the percentage composition of rock, the po1·e 
water, and the number of contact points between grains per unit length of a rock 
sample are some of the other factors bearlng 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 tbe results presented in this paper that a suitable 
coefficient of solid viscosity can be experimentally deter mined. It goes without 
saying, however, that more work is required in this area before a standard 
method can be evolved for such determinations. 

The question now is about the possibilities of the practical applications 
of a coefficient of solid viscosity. In structural engineering, generally, a plastic 
design is arrived at for the structures that are acted upon by constant, t ime
dependent loads . The plastic design involved takes into consideration the m'lterial 
behaviour within a range of loads of interest. How ever , the materials involved 
in the type of design under discussion, have been more thoroughly investigated 
than rocks, Compared to these materials. it will be difficult to establish similar 
plastic design parameters for rocks since they are not man-made m'lterials. 
The known structural design criteria cannot , therefore, be applied to rational 
design involving rocks. 

Rocks are known to behave as viscoelastic materials. The design para
meters should, therefore, depend on viscous and elastic moduli. A complicated 
functional can be set up, which would combine the effects of shear modulus, 
Young's modulus of elasticity and the coefficient of solid viscosity. This function
al could be a useful criterion in the design of time-dependent structures involving 
rocks, e.g,, an underground mine opening with regard to its dimensions, a 
building foundation and a large earth dam. In view of the work done so far, it 
appears that incorporation of a coefficient of solid viscosity into structural design 
in rocks will be a worthwhile contribution since it will produce more r ealistic, and 
more functional structures. 

Concl11sions 

The conclusions concernJng the work presented in this paper can be 
briefly stated as follows: 
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L A coefficient of equivalent viscosity of rocks can be determined by 
sonic means. The parameter is in fact the internal friction of rocks, 
the mechanism of which is not too well understood. 

2. The rock viscosity • if determined realistically, can be a future 
criterion in structural design l:n.volving rocks and rock-like materials. 

3, There is a need for a standard method for the determination of a 
coefficient of solid viscosity. 
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3 

4 

5 

6 

7 
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Appendix 

Description of Diamond Drill Samples for Sonic Tests 

Description 

Quartz diorite breccia, or brecciated dark 
norite, contains SO% norite fragments. The 
remainder is plagioclase - rich groundmass. 

Plagioclase - rich material replacing possibly 
granulated, medium-grained norite breccia. One 
slip plane, contains minor sulphides and minor 
ultramafic fragments. 

F:ln.e to very fine grained, massive, ultramafic 
(perldotrite), peridotite associated with norite 
intrusion. 

Brecciated ultramafic fragments in plagioclase 
- rich groundmass. Groundmass bas igneous 
texture. 50% to 55% ultramafic fragments. 

Brecciated ultramafic, fragments of ultramafic 
composition in plagioclase - rich groundma::>s. 
Fragments approximately 28%. 

Brecciated ultramafic within plagioclase - rich 
groundmass approximately 35% to 40% ultramafic 
fragments. 

Fine-grained, massive, ultramafic. Minor plagioclase 
intruded. 

Medium-grained norite. Minor granophyre. 
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Sample No. Description 

(1) 

(2) 

9 

10 

Jeffreys, H. 
1929: 

Kolsky, H. 
1963: 

Fine to medium- grained, brecciated norite in 
plagioclase - rich groundmass. Norite represents 
approximately 55% to 60% of the rock. 

Plagioclase - rich material replacing granulated 
medium -grained no rite. Minor sulphides; several 
s tringers of very dense, mafic material. 
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(4) 

(5) 

(6) 

1946: Standardized Tests for Determining the Physical Properties 
of Mine Rock, U.S. Bureau of Mines, R. I. 3891. 

Reiner, M. 
1960: 

Rana, M.H. 
1963: 

Rana, M.H. 
1965: 

Deformation, Strain and Flow, 2nd Ed. H. K. Lewis & Co. 
Ltd., London. 

Experimental determination of viscosity of rocks, M. Sc. 
Thesis, Dept. of Mining Eng., Queen's Univ., Kingston, Ont. 

Experiii~P-ntal determination of viscosity of rocks , A paper 
presented attheSESA Meeting, Nov. 6-9, 1966, held in Pitts
burgh, Pa. 
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1958: Fuel, London v. 37, p. 309. 
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Figure 1. Schematic of the sonic equipment. 

Figure 2. View of the sonic equipment testing a sample. 
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Geologists have simplified the study of joint patterns by using the equal 
area net , a sort of three-dimensional protractor, whic h perm ils the inves tiga
tion of planar surfaces, evaluation of the angular relation~hip between them, 
and determination of the orientation of the lines of intersection between them. 

The evaluation of a series of planar s urfaces or joints by the equal 
area net is further simplified by the pola1· plotting technique in which any plane 
is represented on the equal area n(•t by a point. This point on the net surface 
represents the point where a line perpendicular to the plane to be plotted pene
trates the lower surface of the hcmi.spherc from which the net is constructed. 
Polar plotting could be termed a r<~versc plotting technique because it produces 
mirror images on the net of th(~ planar patterns to be studied. 

Using this technique any number of planes plotted on the net are re
presented as points which can read ily be contoured (F ig·urc 1). The Inter
national Nickel Company' s computer staff simplHied tht~ plotting by writing a 
Fortran program which plots the joints , evaluates the polar ln!LXima, the n ob
tains the orienl.ati.ons of the lines or intersection between any pair of maxima. 
The polar plots, the maxima, and the joint intersection lines arc then printed 
out on an equal area projection by thl:l machine. 

In this study it was found that lhe normal contout· method produced only 
from two to five maxima. These were considered inadequate because they did 
not make full use of the zonal distribution of points in the polar diagram (Figure 
1). Furthermore , it was necessary to aller the conventional contouring method 
to adapt it for eomputcr pl<>lling on a 1132 pr·inter. It was therefore decided to 
divide the plotting area on the printCL' into squares and to count the number of 
points falling in any ot1e square. If this numbe r exceeded a prede termined 
minimum then tlw square eontaincd a maximum, whose lo~ation was then printed 
out by the printer (F igurc 2). 

Geologists refer the elements of the rock fabric, which includes the 
joint patterns in the rock, to three orthogonal axes a, b , and <:, whose spatial 
distribution falls into any one of the four patterns shown in Fi~ure 3. In rocks 
the fabric patterns are generally either monoclinic or triclinic. 

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

1. the b-u.xis is the line of intersection between any two prominent. 
planes and also the axis of rotation: 

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

It was found that these two definitions could be expressed statistically 
on the net, because the lines of intersection between any two joints. or joint 
maxima, derived from the polar diagram shown in Figure 1, intersect in a 
restricted area, and many more intersect in a belt or zone which contains most 
of the restricted area. In fact approximately20to35per 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 the belt that contains the restricted 
area (Figure 4) . 
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It was therefore decided to define the rostricled area as Lh(~ b-axis of 
the rock fabric , and the be It as lhe a-b plane. 

ln Figure 4 the b-axis u.nd the a-b plane arc rather obvious. However., 
in some joint intersection diagrams they are moro difficult to determine, and 
the following procedure is used to define the b-axis (Figure 5): 

1. The <:entre of the point scatter pattern is first determined by 
median distribution counts. Wilh thi::J point as centre a c i rcle 
is drawn l.o surround 70 per ecnt of the points in the diag·ram 
(Figure 5). 

2. The centre of the scatter pattern of points within this circle is 
redetermined. With this point as centre a second circle is 
drawn Lo surround 6G per cent of the points within the first circle. 

This second circle is then taken to contain within it, a ll meaningful 
variations in orientation of the b-axis of the fabric examined, and the centre of 
the circle is taken to be the b-axis. 

The belt which contain::J the greatest. concentration of points and which 
also passes through the second circle is then taken to represent the a-b plane 
of the fabric. 

As soon as it was found lh;1t recognizable fabric patterns could regu
larly be obtained in this way, it was decided to map a relatively undisturbed 
dr ifi cutting throu~~:h the hangingwall rocks and to examine the fabric patterns in 
the drift. The drift was divided into 20-ft-l.ong lll1its and all the joints in each 
lll1it. were mapped and recorded separately. A total length of 600 ft was mapped 
in this manner and it was found that: 

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

2. The preferred lines of intersection (b-axes) in successive units 
were similar but not necessarily the same. 

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

The mapping of an equivalent length of drift through the footwall rocks 
gave similar results. When the overall pattern in these two rock members was 
compared (Figure 6), it immediateJy became apparent that their fab ric patterns 
were almost identical. It was therefore decided to treat the contact l:'egion 
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 because: 

1 . Most of the ore in the Sudbury district occurs in the vicinity of 
the contact bet ween these two r ock types, the rock~:~ of the 
Sudbury nickel irruptive and the footwall rocks . 

2 . It became apparent that it might be po~:~sible to evaluate the 
structure of the rock envelope surrounding the ore a nd thereby 
gain some knowledge of its manner of failure . 

These two deductions invited further s tudy because, from a rock 
mechanics point. of view, they defined certain critical parameters in the rela
tively complex framework of the rock envelope surrow1ding the ore. Accord 
ingly the rock envelope at one of the mines was studied by mapping all the 
available access headings to an orebody. On the level s elected only two drifts, 
which flank the ore, were sufficiently fr ee of timber to perm it detailed mapping·. 
These two drifts were again divided into 20-ft units and mapped as before. 

Polar diagrams and b-axc:; were obtained for each unit. They were 
then plotted on a level plan showing the location of each unit. From the centre 
point of each unit the b-axes were projected upwards and then downwards onto 
plans representing the adjacent mining leve ls. 

The upward projection of the b-axes produced a scatter pattern whi<:h 
was contoured. The emerging contour plan indicated that these b-axes tended 
to converge and produce an irregular shaped concentr ation {Figur e 7A) which 
bore some resemblance to the outl ine of the ore on the same level (Figure 7B) . 

It was therefore decided to s uperimpose the contour plan on the trace 
of the ore outline . A remarkably c lose fit was obtained by an anticlockwise 
rotation of 40 degrees, as seen in Figure 8 . 

When the b-axes were projected downwards the contour plan of the b
axes distribution did not closely r esemble the ore outline on the Lower level 
(Figures 9A & B). However, a be tter fit was obtained when the contour plan of 
the b-axes was rotated 30 degrees anticlockwise with respect to the ore outline 
for the level (Figure 1 0) . 

The fact that both projections r equired an a nticlockwisc rotation is not 
yet fully understood, but llie 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 
rock envelope surrounding an orcbody bears a remarkable resemblance 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 envelope . 
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Relationship of Structure to Failure Patterns 

While studies relating the fabric pattern lo the pattern of post-mining 
ground movement are still in a preliminary :otage, two of the studies undertaken 
to date have been partially successful. 

The first concerns a small orcbody which was mapped and exam ined 
while still w1der development. 

The orientation of the b - axis was determined in 50-ft-long units along 
two development drifts which penetrated the orcbody on the level examined 
(Figure 11). The orientation of the b-axis varied from unit to unit but in gen
eral plunged between 70 and 85 degrees in a direction approximately parallel to 
the drift {Figure 11). The strike of the a-b plane, determined from all units, 
is oriented approximately 25 degrees west of the mean strike of the b - a.xes 
(Figure ll) and therefore is 75-80 degrees to the trend of the long axes of the 
proposed stope pattern, which was laid out parallel to the east-west co- ordi
nate grid. As this was not considered a significant discrepancy, the slope lay
out was not changed. 

Subsequent mining of a modified blast hole ::;tope exposed tho pillar 
walls for a height of 60ft and length of 150ft. 

This permitted a daily scrutiny of the pillar walls which on close 
examination were found to contain numerous steeply dipping and almost mutually 
perpendicular cracks . The most prominent of these strike obliquely to the 
pillar walls and almost perpendicular to the a-b plane determined from the 
joint study (Flgure 12). 

This is taken as reasonable evidence that. pillar failure tends to occur 
both perpendicular and parallel to the a-b plane of the rock fabric. 

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

A broad yet detailed joint sludy on surface and on s everal 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 projected to the surface from several points along the 
perimeter of the ore outlined on these levels. 

Tho area at surface described by the projection of these b - axes was 
contoured to show pronounced concentrat ions (shaded areas), modcn·ate concen
trations (hatched area), and mild concentrations (areas delineated by dashed 
lines). The shaded and hatched areas were taken to represent areas prone to 
subsidence, and the dashed line was taken to delineate the outer limit of subsi
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 from the cave program , particularly 
as two blocks of low grade ore have not yet been undercut along the western 
boundat·y of the cave area. 

An abandoned exploration drift un the 3, 800 level, which penetrated 
the hangingwall for some considerable distance, permitted another comparison 
between the envelope of observed groWld fail ure and the predicted area. 

The cracks in the exploration 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
lined by them with the area of predicted subsidence, as determined by the pro
jection of b-axes from 5,400 level upwards (Figure 15A). Secondly, tl1c b-axes 
on the 4, 000, 4, 200, and 4, 400 levels were projected upwards to 3, 800 level 
and compared with the pronounced cracks in the drift (Figure 15B). These two 
diagrams show fairly close agreem ent between predicted and observed data, 
especially when it is remembered that tl1e area outlined in Figure 15A includes 
a n as yet unminecl shaft pillar west of the cracked groWld. The dimension and 
shape of the projected area of failure from adjacent lower levels bears a much 
closer rtlsemblance io the observed area of failure (Figure 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
tern, and that this pattern is most apparent in the distribution of the lines of 
intersection between the flaws ol' joints themselves. 

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

Finally this study indicates that knowledge of the distribution of the b
axes and the a-b plane is also useful in predicting the eventual outline of post
mining failure. 
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Figure 2. Distribution of maxima, derived from polar plots (Figure 1). usJng 
a computerized cut-off level of 6 poles per square. 
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Figure 4. Print· out showing plunges of the lines of intersection between any 
pair of joints. 
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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 nor1te and in 
the footwall succession. 
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A B 

Figure 7. A - Contour plan of significant b-axes projected upwards to the 
4,600 level. 

B -The ore outline on this level. 
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Figure 8. Contour plan of significant b-axes projected up to the 4,600 level as 
shown in Figure 7, when superimposed on the ore outline on this 
level by rotation and a lateral shift. 
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Figure 9. A- Contour plan of sigllificant b-axes projected downwards to the 
5,000 level. 

B - The OTe outline on this level. 
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Figure 10. Contour plan of significant b-axes projected down to the 5,000 level, 
as shown in Figure 12, when superimposed on the ore outline on this 
level by 1·otation and a lateral shift. 
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.... ao b AXES 

-- o-b PLANE 

Figure 11. Orientation of the b-fabric axes and the a-b plane on 5,800 level 
(determined during the development stage). 

-- a-b PLANE I 
<f. OF STOPE 

Figure 12. Planes of weakness, striking approximately perpendicular to the 
a-b plane, which developed in the pillar wall s of the open stope . 
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Figure 13. Orientations of b-fabric axes determined from joint studies on 
several underground levels • 
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Figure 14. Sul'face plan showing location of 9 shaft in relation to envelopes of 
possible ground failure derived by projecting upwards the signifi
cant b-axes from several pre-selected levels. 
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Figure 15. Subsidence cracks compared with predicted subsidence patterns. 
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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. 



MODIFYING MINE DESIGN FROM 

ROCK MECHANICS DATA 

J.D. Smith• 

Al>stroct 

The Fairport mine of the Morton Salt Company is con
sidered to have good mining conditions and relatively stable 
rock formations in which to work. However, mining costs and 
safety conditions were being affected by significant amounts of 
rock movement, expressed by floor heaving, pillar rib failure, 
and roof spalling. 

Mine management, recognizing these problems , 
authorized a rock mechanics program to provide data on rock 
movement so 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-1-M Consultants Limited in conjunction with the 
mine staff. It describes the means of accumulating data and 
presents summarie.s of the measurements obtained and how 
these were used to determine optimum face width and orienta
tion, optimum pillar size and orientation, and rock movement 
control. 

*Consulting 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 1 a paper simi
lar to this one was presented at the Second Symposium on Salt, 
held in Cleveland, May 3-5, 1965. The paper presented the 
initial results obtained from a test panel that had been oriented 
in the recommended directions. This paper includes an up- to
date assessment of the results obtained since May, 1965. 

Introduction 

The management of Morton Salt C<>mpany authorized C-1-M Consul
tants Limited to conduct a rock mechanics study to provide design criteria that 
could lead to the reduction or elimination of floor heaving, pillar a palling and 
roof deterioration at their Fairport mine. This study was conducted over a 
period of six months 1 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 
time. 

The Fairport mine is a salt producer recovering about 4, 000 lons 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 no major tectonic movements in the region of the ore zone. 

Mining was done by the room and pillar method laid out on a north
south and east-west grid. The rooms were approximately 40ft wide and 17ft 
high with pillars 100 ft x 100 ft. The rate of advance is approximately 10 ft 
every three weeks per room. In various sections of the mine, floor heaving, 
roof spalling and rib corner deterioration commenced shortly after the creation 
of a new face . The mining is planned to leave 2 to 3ft 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 both roof and 
floor shales are exposed . 

Definition of Problem 

The Fairport mine was and is currently being mined with a ve ry accept
able tons-per-roan-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 m ainte
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 calculating design 
changes to reduce, eliminate or minimize the various movements causing 
failure, and to monitor the changes in design underground in order to evaluate 
their effectiveness. 

D olo Accumulation 

Any study for the purpose of improving mine design by considering the 
inherent properties of the m ine structure evolves first of all into a 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 bow these data wer e obtained, why they were required and how they wer e 
used in mine design. 

Inherent Directional Characteristics 

One of the most important properties of the materials affected by min
ing is their inherent force fi eld. This is the vectorial sum or r esultants of all 
forces acting on the mate r iaL This proper ty must be determined for each geo 
logic material that will be affected by the mining operation as their behaviour 
and m anner of movement is dependent upon this property. 

Associated with the strain vectors acting i n the various granular 
materials are curvilinear surfaces that possess h igher orders of inherent ener
gies than s urr01mding grains . These s urfaces are called preferred shear 
planes . 

The system of analysis used to determine the properties at the Fair
port mine involved the instrumentation of many oriented pieces of salt and 
shale. Oriented s amples were taken from the ore zone and the roof shale on a 
statistical basis s o that the area of influence of each sample gave the required 
confidence on a minewide scale. Each oriented sample had a cube cut from it 
with a diamond saw, three mutually perpendicular planes were then instrumen
ted with 2-in. - diam photoelastic strain gauges. As the time-dependent Inher
ent energy stored in the gr a ins and cement r e-oriented and s tr ained them in 
order to re-attain equilibrium, the photoelastic strain gauges recorded the di
r ections and amount of movement. The vector components of the pr incipal 
strains on each ins trwnented face were then combined using a stereonet to pro
duce the force field vector (azimuth and dip}. The prefe rred shear plane traces 
on each face also combined to produce the strike and dip of the various families 
of preferred shear. This wor k was also done using a ster eonet. 

F orce 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 
strains in the horizontal plane for the different mater ials is presented in Table 1 . 
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G1 is the major strain direction and Gz is the minor strain direction. The azi
muths ar e corrected for the local magnetic declination. It is apparent that there 
is little difference in force field direction in the different formations. The ap
proximate force field dip is down towards the south-east at about 20° . The 
local variations in force field direction are best shown by a strain trajectory 
which is a plot of how the principal strains are propagated through a given plane 
and is a visual representation of how the rocks are strained directionally. The 
most useful representation for a bedded deposit with a slightly dipping force 
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 Horizontal Plane - Az. 

G1 Gz 

Salt 21 133° 043° 

Roof Shale 37 135° 045° 

Floor Shale 2 137° 047° 

The major and minor force field has been determined and defined by 
an azimuth and dip. The deter mination of the thrust direction or the placement 
of the arrowhead on the vector cannot be determined adequately from oriented 
samples. In situ measurement was used to determine this characteristic. 
Both north-south and eas t-west ope nings were instrumented around their peri
pheries with photoelastic gauges bonded to the surface as well as bolt tension 
meters placed on rock-bol ts. 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 . It is believed that these approximate planes 
of inherent weakness 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 blasting functions. 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 simllar azimuth 
but opposite dips while families 3 and 4 have the same characteristic with their 
azimuths being approximately 90° from 1 and 2. An attempt was made to cor
relate the families of preferred 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 whtle in "swells" and relatively undisturbed parts of the bed 
families of 052° az. - 56° north-west, 067° az. - 48° south-east and 188° az. -
42° south- west predominate. 

TABLE 2 

Preferred Shear Plane Families 

Rock Type Preferred Shear P lanes - Az. and Dip 
1 2 3 4 

153° - 122°- 050° - 00 -
Roof Shale 22°N.E. 43°S.W. 30°N.W. l9°S.E. 

Salt Bed 
(upper 2nd 142° - 138° - 052 ° - 067° -
Salt) 48°N.E. 42°8. w. 56°N.W. 48°S.E. 

Shear Strain and Strain Magnitudes. Only the time-dependent portion 
of the total ela.stic recoverable strain is recorded by the instruments on the 
oriented samples. These show the distribution of the time-dependent shear 
strain 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 families on each instrumented 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 a 2-in.-dtam 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 strain magnitudes from 
these instruments can be compared directly with the shear strains measured 
on the appropriate pla.oes of the oriented samples provided the instruments in 
both cases are installed at the same time after creation of a new face and are 
read during the same time interval. Table 3 summarizes the shear strain 
readings from both sources. Results are presented for the horizontal plane as 
this plane is of greatest importance for span calculations in this type of deposit. 
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Plane of 
Measurement 

Horizontal 
Plane 

TABLE 3 

Time-Dependent 
Average Shear Strain Magnitudes 

Shear Strain - JJ. in/ in 
Oriented Disc Rings 
Samples N- S Rings E- WRings 

Disc C Disc E Disc C Disc E 

120 813 783 323 1095 

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

It is evident that the force field thrust can cause rotational moments 
to act on an opening if it is incorrec tly 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
west ring to be opening and to have decreasing strain. The reverse should 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 atE for the east-west ring are not used because 
these high shear strain values represent the swn of shear strain energy due to 
rela..'<:ation into the opening plus compression at the corners due to 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 strain magnitude obtained from the oriented samples into the 
average shear strain values from disc E and disc C from the north-south and 
east-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 has the largest multiplication factor because it has the great
est inherent shear strain. 

The magnitudes of the individual strains, G1 and G2, were determined 
from the oriented samples. It must be understood that the values presented in 
the following table are a measure of the time-dependent elastically recoverable 
strains 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 constants. These measurements 
were done on the shale as the amotmt of prestress in this formation was re
quired for structural design. The appropriate physical constants measured in 
the roof shale using the dynamic testing method developed by Obert, Windes 
and Duvall are E = 12. 88 x 106 psi and p. = 0. 74 for the 090° direction and 
E = 11.40 x 106 psi and p. = 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 Stresses 
Roof Shale Samples 

Measured Strain Calculated Principal 
Measured - in/in Stresses - psi 

Gl G2 Gl G2 

Horizontal 
Plane 55 30 900 sao 

In calculating stresses from the measured strains 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 time for 
a newly created face. 

2. The immediate elastic rebound component bas 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. These are then multiplied by a suitable factor to 
determine approximate stresses in the rock. 

These factors will be considered in the section on mine design to ar
rive at more accurate figures for the probable inherent stresses in the rock. 
Only 3 . above has been used in the table. 

Mine Design 

The first phase of the study was spent in determining the characteris
tics of the granular material affected by the mining 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 be one 
of the major reasons for rock failure, all mine openings and pillars should be 
oriented in one of the principal strain directions. Rooms and the long axi.s of 
the pillars should be aligned with the major strain direction and cross-cuts and 
the short axis of pillars should be aligned with the minor strain directions. In 
this type of deposit it is only practical to orient these in the horizontal plane. 
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The force field dip is small (about 20°) and so rotational moments are minimized 
and are resisted by the long axis of the pillars. 

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 strain 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 was determined from samples obtained from 
existing mine workings. To orient rooms and pillars 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 is 135° azimuth and cross-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 cross-cut faces advancing in this direc
tion. The south-west panel was advanced with room faces moving towards the 
south-west. To check on the variation of the principal strains as mining pro
gressed in these panels, disc rings were installed at appropriate intervals. 
The data obtained from these instruments showed where and by bow much the 
force field had turned from the average direction determined. They also 
measured 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 to calculate 
safe room and cross-cut spans are to be found in Smith (4). 

The beam-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 
consider uniformly loaded, simply supported beams of one foot width, placed 
side by side and supported or loaded on the ends by the force field prestress . 
Using these conditions, a safety factor is immediately provided as the roof 
material is almost never simply supported. These conditions are illustrated 
in Figure 4. 

u m is the extreme fibre stress due to the uniform load of the beam 
and u m = ::1: .M£_ where M = W12 x 12 in. /lb and.!. = bd2 where band d are in 

I 8 c 6 
inches. The inherent force field, u x, is 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 its yield point. For 
stability and to reduce high horizontal shears in this beam, the span is adjusted 
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such that the top and bottom extreme fibres are strained an equal amount. This 
is expressed by n u x - u m = u x + u m. The variables n and u x are mea
sured from the materials and so this equation can be solved for r1 m. But 

·<rm =±Me=± W12 x 12 x 6 . 
-1 -8- bd2 

Solving this equation for £ one obtains : 

m X 8 X bd2 
ft. 

W X 12 X 6 

The effect of geometry was determined from disc rings installed on 
salt. 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 ::: 6 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 salt string
ers and beds . 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 shale. The beam depth will be considered as 4ft because this is 
the approximated shale bed thickness and if bolting is required 4 bolts should 
be used. 

The sonic tests required the determination of the shale density. This 
was 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 lb/ ft of beam. 

The measured field force r1 x was determined from oriented hand 
samples and hence reflects short time relaxation strain only. The variations 
of Young's modulus and Poisson's ratio under no load have been considered in 
calculating u 1 = 900 psi and u 2 = 630 psi from the measured strains. These 
strains should be extrapolated back to zero time in order to attain a more ac
curate time-dependent strain 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 strains. An example of a relaxation graph is given 
in Figure 2. The immediate inherent elastic rebound of the shale was not 
measured by the photo elastic gauges due to the method of analysis . Over coring 
techniques used on similar materials tested indicated that the elastic rebound 
was approximately 1/4 of the total inherent strain energy. The time-depend
ent strains should then be multiplied by a factor of 1. 33 to obtain a more ac
curate figure. It is an established fact that Young's modulus increases with 
applied load. Since this figure was determined under a no load condition, a 
factor must be applied to compensate. Experience indicated that a reasonable 
figure for this type of material was a 1. 33 increase in Young's modulus due to 
a load of the magnitude measured. Probable values <11 and u2 are 900 x 
1. 3 x 1. 3 x 1. 25 and 630 x 1. 3 x 1. 3 x 125 respectively. The values used in 
the following calculations are "1 = 1900 psi and u 2 = 1330 psi. 
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Spans of rooms running in the 045° direction (supported by the major 
strain) are calculated as follows: 

n == 6 W = 720 lb/ ft d = 48 in. b 12 in . 

n ax <lffi <rx + 11m 

11m "" n ax- <IX 

2 

8 X 1900 - 1900 
2 

4750 psi 

.£ '5,.111 m X 8 X bd2 
.,.. W X 12 X 6 

4750 X 8 X 12 X 482 
720 X 12 X 6 

.£ = 142ft. 

0'1 1900 psi 

Similarly, the calculated span of the proposed cross-cuts running in 
an azimuth of 135° is calculated. 

X ITX - 11m = 0' X + 11m 

um n ITX - O'X 3 X 1330 - 1330 
2 2 

1330 psi 

j, 1330 X 8 X 12 X 482 
720 X 12 X 6 

£ = 75ft. 

The measured spans of 142 and 75ft are considered conservative. 
These spans are safe only if the rooms are driven in tbe 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 Wliforroly. In other 
words , the whole breast, after undercutting, should be drilled off and bias ted 
at one time. The best sequence would be to drive the rooms ahead of the cross
cuts so 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 o[ pillars should run in 
this direction to offset the overturning moment of the force field caused by the 
downward dip. The pillar should have sufficient mass so that it does not crush 
and also so that is does not punch into the roof or floor. These things are 
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possible 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 was no pillar failure as such. The only evidence of failure 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 ft x 100 ft. The dimensions of the pillar should be in relation to the ratio 
of the principal s trains. 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 should be 
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. Recommende d 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 is still considered safe. 

General 

Preferred shear planes can be utilized in determining the best direc
tion of mining, fragmentation and ease of break a s 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 . Because 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 s hould 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 optimwn fragmentation, drill holes should be drilled perpendi
cular to preferred shear planes . In this way, explosive energy adds to the 
high inherent s hears in a wedging action. 

Consider restraint 

Those same preferred shear planes or pl anes of inherent weakness, 
if their attitudes in relation to mine openings produce a low angle, can be the 
source of shear failure in roof, floor and pillars . To prevent this, short high 
tensile steel rock-bolts should be placed in holes drilled perpendiculax to the 
planes of preferred shear. These bolts should 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. 

Summary of Recommendations 

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 trajector y variations. 

b. The calculated safe mining width for rooms is 140 ft and for cross-cuts 
is 75 ft . 
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c. Salt pillars should be oriented with their long axis parallel to azimuth 135° 
and their size should not be smaller 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 only. An improvement should be noted in drilling rate 
and powder cost. 

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

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

Re sults of Test Pone/ Mining 

The mine management, treating this study as a research project decid
ed to evaluate each major recommendation separately . During 1964 a test panel 
shown in Figure 5 was s tarted from 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: 

L Slightly faster drilling rates . 
2. Better fragmentation and lower powder factor. 
3. Less bootleg and angle of faces more nearly vertical. 
4. No floor heaving. This was the longest time an area had been open without 

some evidence of floor heaving . 
5. Roof control and pillar slabbing reduced. 
6. Both rooms and cross-cuts have s quarer corners and the ribs are more 

uniform. 
7 . An average of 50 tons per round increase in break was noted. 
8. The corners of the pillars still slabbed, but incidence and size of s labs 

reduced. 

As mining advanced towards the west some floor heaving developed in 
several sections. These heaves had their axis parallel to the room and cross
cut directions and were not an approXim ate 45° angle as in the older mining 
method of north-south and east-west drives. The correct aligrunent of rooms 
and cross-cuts does not e liminate 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 instrumented with bolt tension meters and 
disc rings to determine whether the openings were being driven in the optimwn 
direction. The measurements indicate that statistically the panel is in the cor
rect direction but locally some portions of openings 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 occurring 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 attempt to reduce the floor heav
ing problem. To provide some preliminary data, four rooms in the test panel 
were widened to 50 ft. The results 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, 800ft were 
re-oriented in the originally recommended directions of 135° and 045° for the 
cross- cuts and rooms respectively. To date , the mine faces have advanced 
towards the west by about 500ft. The room spans have been varied between 
50 and 55ft in different locations and the cross-cuts have been varied in width 
between 40 and 45ft. Depending on the geometrical problems found in turning 
existing openings into the recommended directions and to obtain some estimate 
of relative stability, the pillar sizes were varied between 80 ft x 130 ft to 90 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 results 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. 

c. Openings have squarer corners and more uniform ribs. 

d. Pillar sloughing along the ribs has virtually been eliminated and 
pillar corners 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 occurs 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 m ina 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 be in
creased in a controlled manner in order to evaluate the effect on floor heaving 
and roof spalling. 

In addition to the benefits obtained during the past three years, the 
mine staff feel that they have gained a better understanding of the materials 
with which they must work and as a result are in a better position to cope with 
any future problems. 

The writer wishes to thank the Morton Salt Company for permission to 
use the data obtained from the rock mechanics study conducted at their Fairport 
mine. In particular, thanks are due to R. Ganong, Manager of the Fairport 
operation , for bringing the writer up- to-date on the changes made in mine de
sign and on the results obtained. 
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Figure 5. Test panel mining layout 1 Morton Salt Company 1 Fairport Mine. 
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DESIGN OF PARTIAL EXTRACTION SYSTEMS 

IN MINING 

K. Wcrrdell* 

lntroduc tion 

The variability of physical and geological 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 ntining 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 roadways in the mine, outbursts of rock and gas, 
mine subsidence 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 tJ1eoretical and practical studies in rock mechanics which have 
been made so far are, to some extent, fragmentary and imprecise. The former 
because their fundamental assumptions are almost impossible to verify satis
factorily, and the latter because they are usually so particular to a given set 
of circumstances that it is 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, to mix art or judgment 
liberally with science. 

*Durnford, Lee & Wardell, Consulting Mining Engineers and Geologists, 
32 Woodland Avenue, Wolstanton, Newcastle , Staffordshire, England. 
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The author has fr equently been responsible for mine design and its impli
cations, ~articularly in the mining of stratified deposits of coal, potash and iron
ore. This has l ed 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 is controlled by appropriate dimensional design of the areas of 
extraction and the pillars to be l eft. 

Dimenso'ons of E:draction Areos 

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 
abutments. This postulates an arch or dome theory in mos t, if not all, mining 
conditions. That is to say, 8JJ.y given mine excavation should have critical 
maximum dimensions beyond which the main rock mass will no longer behave 
structurally and span the excavation but will fail in some way or another. It is 
necessary to enqwre about the evidence for this. 

Neither the movements nor the stresses within the main rock mass 
above an extraction area ca,n be easily and certainly measured or predicted. lt 
is, however, relatively simple to observe both the resultant transient and final 
effects of the whole complex of rock mass movement at the most accessible 
point, that is, at the surface. In fact, a number of research workers in rock 
mechanics 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 Litwinizsyn (3) are notable amongst these. 

In European coal mining, for example, accurate field studies of surface 
subs idence caused by underground extraction have been carried out for more 
than fifty years 8JJ.d a mass of data has been accumulated. This shows conclusively 
that the maximum surface subsidence to be expected from an area of total 
mineral extraction is 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. 25 ft to 18. 0 ft and in depth from 102 ft to 2, 628ft. 

lt is apparent that, in these conditions, the maximwn 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 observed the length of working was greater than 
1. 5 x depth. Thes e results strongly support the notion of 8JJ. arch formation in 
the main strata. 

The scatter of results at W/D < 0. 3 is probably due, in part at any 
rate, to str uctural variations in the main rock mass from case to case, al
though the characteristics of coal measure r ocks in Great Britain do not seem 
to vary widely as between one mine and another. It is al so possible that the 
ration of subsidence to thickness of mineral extracted may not be a wholly valid 
parameter for very thick seams. 
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This criterion of an arch formation is strengthened by similar obser
vations in quite different geological conditions and for other mineral deposits. 
Tincelin (4), for example, cites an eJ..i.raction area, from an iron-ore mine in 
Lorraine, over which only marginal subsidence was observed although its width 
was 330ft, its length greater than .l, 000 ft and its depth 800ft . Figure 2 
shows the observed subsidence over a caved long-wall extraction at a potash 
mine. The maximum observed subsidence was only 1. 6 i.n. for an extraction 
area of 1, 300ft x 400 ft at a depth of 650ft. 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 iDfluenced the structural behaviour of the overlying 
rock mass . 

The idea of a so-called 'pressure arch' has, of course, been prevalent 
in the thinking of coal mining en~incers 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 few of the results fall out
side the range of W /D = 0. 18 and W / D = o. 33 . 

In a crude and purely qualitative way the arch can be compared with the 
span formula for an encastred beam: 

S=-{2fT ..... 1 lw 
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 composite rock mass . It goes without saying that tensile strength 
in this sense is virtually impossible to determine either theoretically 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 concludes that, 
in the case of a cohesive rock system (i.e. , where the rocks do not separate or 
break away from the dome boundary), the maximum span will be: 

S = ~ 2wu d ..... 2 

where Sis the maximum unsupported span 

o- is the compressive strength of the unbroken rock 

d is the depth of mJning 
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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 so gives more comprehensible results. 
When this is done and if one substitutes d = T, expressions 1 and 2 are identical. 
For a non-cohesive rock system, the expression becomes 

s = ~ 2. 9! 11 d . . .. . 3 

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 
elasticity, plasticity and rheology. It simple recognizes that, up to a certain 
limit, the rock mass tends to behave s tructurally. There may, of course, be 
exceptions if the extraction area is at very shallow depth, or if the overburden 
consists mainly of unconsolidated material. 

Oime11 sion s 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 Cl austhal deserves special recognition. His work confirms 
and consolidates the bulk of the results from the compressive testing of prepared 
samples. Figure 4 illustrates his general results which may be summarized as 
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 mineral increased as 
the ration of H/W decreased. 

c . For H/W ratios < 1. 0 the apparent strength increased rapidly 
and it was impossible to induce failure jn a test sample beyond 
a certain limit of H/W. That is to say, beyond this limit, 
s amples were capable of sustaining very high stress 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. 1'hey confirm Dreyer's general findings. All these tests 
were made at a uniform rate of loading. 

One may suppose that the behaviour in c. 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 l arger number 
of smaller pillars with the same total area. On the other hand, it would 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 wholly 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 pillars 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 nnderground have not clarified the situation sufficiently to 
justify a more optimistic approach. 

An Analysis of the Mechanics of Panel and Pill or Mining 

The panel and pillar system of mining is illustrated in Figure 5. rt has 
been used extensively in coal mining in Britain, France, Poland and the U.S.s.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 on 'rule of thwnb'. That is to say, it was 
assumed that the widths of panels and intervening pillars should be of similar 
dimensions to give a nominal e;o..'traction ratio of about 0. 5. The range of panel 
and pillar widths in Table 1 is from 0. 08 x depth to 0. 30 x depth. 

In seeking possible interactions between the dimensional and structural 
parameters involved in this system, it is evident that these should proceed 
from or lead 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 
stress imposed on them. The structural behaviour both of the rock mass and 
of the abutments 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 c:Ustri
bution of this load, it is only possible, for the sake of comparison, to 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 stress 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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o. 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, this 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 is a significant parameter, the behaviour 
of the abutments - and particularly the pillars, has to be considered. Apart 
from the mechanical properties of the material, the structural effect of pillar 
dimensions must be compared. It was therefore supposed that: 

S% = 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 B still 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
cohesive, 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 S% = f (P) 

and, combining this with the previous proposition, gives: 

S% = f(La,H/W,P) 

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

Some Examples ol Designed Pone/ 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 ratio of 0. 50. 
Surface subsidence observations were supplemented by a variety of measure
ments 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 ill the extraction panels. The observed subsidence and 
convergence results are shown ill cross-section in Figure 10 which also gives 
the significant dimensional details. 

The immediate roof within the extraction panels 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 neaT the pillar edges - the continuous recorders were 
set 2 to 3 ft into the pillar sides - varied between 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 access 
roadways at the edges of the extraction panels. 

A heading was driven between 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 , ill part at any rate, representative of purely 
local effects, created by tlte existence of tlle heading itself. 

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

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

The stressmeters were of the M, R. E. type (12) which are essentially 
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 i.n the two boreholes are sho'Wll in Figure 11. 

One might draw two main conclusions fro m these results. In the first 
place it would appear 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 
ncar 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 expect 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 theoreti cal 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 Mines 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 ft. The cover to the surface consisted of inter
bedded shales, rock salt and anhydrite. 

There was no observed data on which to judge either the optimum panel 
or pillar width and an experimental mine layout was set up With the observation 
of subsidence as the primary control, supplemented by stress and deformation 
measurements in the underground pillars and by laboratory tests on potash 
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 good operating conditions, stability of the mine structure and access road
ways and minimal surface subsidence. 

The general layout is illustrated in Figure 12 and three phases may be 
distinguished. Initially, panels 108, 110, 112 and 114 were planned at widths of 
130ft (0. 08 - 0. 09 x depth) with intervening pillars of 250 - 300 ft. The panels 
were to 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 panel s 108, 110 and 114 were virtually complete and panel 112 has 
advanced about 425ft, the observed subsidence 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 second phase of mining, the 
panels were extracted in the sequence 106, 102 and 104. Figure 13 shows the 
finally observed surface subsidence . 

The maximum panel width was that of 104 at 245 ft (0. 18 x depth). The 
mJnimum 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 

was rathe1· 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 assuming an abutment support of 260ft around this area of extraction. 
This result is also given in Figure 8. 

Two conclusions were drawn from these data. The first, that the panel 
widths could be further increased without destroying the arch formation. The 
second , and rather less positive from a design point of view, that pillars With 
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H/W ratio of 1/24 were structurally stable under the stress 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 , panel116 has been extracted and panell18 
is in the position shown. The surface subsidence Is not yet complete but broadly 
confirms the continuing structural stability of the system. The widening of the 
panel dimensions will be continued as the mining area extends until observations 
suggest that critical limits are being approached. Up to this time it seems that 
it will be possible to achieve 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 subsidence 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 a H/W ratio of 1/16. The calculated hypothetical 
maximum pillar stress at 70 per cent extraction and an average depth of 325 ft 
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 620ft , the H/ W r atio of pillars was increased to 20 : 1 in 
order to maintain the factor of safety at the higher hypothetical maximum pillar 
stress. 

The limiting conditions for the design were: 

a. to achieve the maximum possible rate of extraction consistent 
with a maximum surface subsidence of 4 in . ; 

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

c. to provide the best possible operating conditions. 

The seam had an average thickness of 3 ft 6 in. and the m aximum allow
able subsidence of 4 in. was only fractionally exceeded at a nominal extraction 
rate of 65 per cent. Working conditions 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: 

S% "'f(La, H/W, P) 

An approXimate calculation gives a predicted subsidence of 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 discrepancy, it would be that the s ituation 
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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 illustrates the extraction of a coal mine shaft pillar in the 
north of France by means of a modified panel and pillar system (15). The pur
pose in the case 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 not ideal because of the existence of previous e.'rtraction areas around the 
shaft pillar and the presence of faults which imposed limitations of the extraction 
boundaries. The final measured surface subsidence and vertical deformation of 
the shaft are given in Figure 17. The surface subsidence was broadly as 
predicted. 

The example is of special interest because of the shaft measurements 
which appeared to indicate that: 

a. There was little or no transient or final vertical deformation 
in the upper part of the shaft, that is, the main rock mass 
subsided more or less uniformly. 

b. There was vertical compressive deformation in the shaft 
for a distance of about 390ft (0. 30 x depth) above and 190 
ft (0.15 x depth) below the mined seam. This compressive 
deformation only reached measureable proportions when the 
two extraction areas had approached and were very close to 
the shaft. 

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

The uniformity of the surface subsidence and the absence of deformation 
in the upper part of the shaft would seem to confirm the general structural con
cept of the system developed from previous mine experiments and from observa
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 
some distance above and below it. It would follow that the relative structural 
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 be achieved. 

An Analysis of the Mechanics of Room onrl Pillar Mining 

Although it has long been believed that some surface subsidence would be 
caused by room and pillar mining, few observations are available from published 
literature. Certainly, no attempt seems to have been made to rationalize the 
subsidence process caused by such mining. Those details which the author has 
been able to find are assembled in Table 2. The examples are all from coal 
mines each of which showed the development of a shallow basin 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 Wgh
est subsidence and a general examination of the data suggested a correlation 
between observed ma..'dmum subsidence and the hypothetical average pillar stress. 
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= n 3 (x + 0.4) (y + 0,4) 

Area carrying load= n2 xy (1 - R) + 0.4 (x + y + 0.4) 

Average stress on pillars _ [ (x + 0. 4) (y + o. 4) ] 
and abutments - D xy (1 _ R) + 0.4 (x + y + 0.4) 

Figure 19 shows the calculated variation in average stress for a working 
of length= 2.0 D, widths y = 0.2 D- 1.6 D and an extraction ratio of 0. 5. 

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

S% = f (La, H/W) 

where 8 is the observed m aximwn subsidence 

La 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 be significant but the number of observations is 
insufficient to indicate its real s trength. 

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

Comparison Berween Pone/ oncl Pi/lor oncl Room cmd Pi/lor System s 

Within the range of results studied, one is led to the conclusion that 
the panel and pillar system is inherently the more stable fo r the same conditions 
of s tress 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 500ft and the same ratio of 
extraction (0.69) would be prod~ced by four panels of 105ft (0.21 x depth) and 
three pillars of 55 ft (0 . 11 x depth) in width. For this system: 

281 



S% == f (La, H/W, P) 

= f (880 X 0.146 X 105) 

== f (13, 500) 

The value of S% from the graph in Figure 8 is only 15 per cent compared 
with the observed value of 34.8 per cent over the actual room 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 
assessment of the capacity of the pilla1· to sustain stress. The risks attaching 
to extensive mining with the room and pillar system are emphasized by the dis
asters at Coalbrook in South Africa and Champagnoles in France. Even when 
loss 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
lems of design fo r small pillars must obviously increase with working depth and 
increasing seam thickness and the room and pillar system is then only operable 
either 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 is probable that a combination of room 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. 

Conclvsions 

The method given in this paper for analyzing and comparing partial ex
txaction 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 is 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 number 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 observations 
underground are not susceptible to such analysis and, often enough, it is difficult 
to know exactly what is being measured. In the author's opiruon the importance 
of surface subsidence as an analytical and practical tool in rock mechanics and 
mine design has not yet been sufficiently recognized. 

It can be deduced fxom subsidence measurements and other supporting 
evidence that safe control of the movement of the main rock mass is possible 
with the panel and pHlar system of mining. It is further suggested that extraction 
ratios up to 0. 75 are possible without losing this control. 
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So far as room and pillar working is concerned, it can be envisaged 
that this could be used for extraction panels of planned dimensions separated by 
appropriately dimensioned barrier pillars. This might well serve to extend the 
range of application and the safety of small pillar mining. 
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Figure 3. Diagram showing maximum 
width of pressure arch for 
different depths of working . 
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Figure 16. Plan of workings in shaft pillar at pit No.7 H.D.N.B.C. 
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