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ary of the o‘pening can be determined from the following
equations:

A o= 38, —S,
B: o =38 —S,

. where A is the point equivalent to the wall, or rib, of a
wnncl; B is the point equivalent to the crown of a tunncl;
Sy is the ficld, or pre-mining, stress in the y-direction (with
compressive stresses being positive); and S, is the field
stress in the x-direction [1].

By analysing the cffccts of anisotropy, it has been shown
that the maximum boundary compressive stress can be
increased as much as 30% or deccreased as much as 209,
if the ratio of the moduli of deformation at right angles
to each other is 4 [2].

Recent work has shown that for a matcrial composed
of grains, a more comprehcnsive solution indicates that the
stress concentrations would usually bc less than those
represcnted by thc above equations but would approach
the classical valucs as the diameter of a tunnel approachcs
infinity {3]. The differcnces between the solutions are not
considered great enough for the classical equations to be
replaced at the present time.

Recent analytical work on the effects of yielding in the
material gives the resultant stress concentration factors
that can be expected as a function of the yield stress and the
moduli of deformation of the material before and after
yielding [4]. The effect of yiclding, of course, is to reduce
the purely elastic stress concentration factor. However,
to use this analytically it would be necessary to have a
material with a distinct and known yield point together
with a knowledge of the plastic properties of the material
after yielding.
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Fig. 1 — (a) A circular opening in a biaxial stress field; (b) Patterns

of stress concentration around an opening; E for elastic ground, F

for non-linear or viscous ground, G for yielding ground at constant

stress, H for partial breakdawn and yielding of ground near the surface
of the opening

Figure 16 shows qualitatively the effects of some of
the common non-elastic properties of rock. The curve E
shows the variation of the stress concentration factor,
a,/Sy, with depth into the rock, rfa. Curve F shows the
modification to the elastic curve that would result
from either having a material with a decreasing modulus
of deformation with increasing stress or a material that
would creep at a rate varying, as it commonly does, with
the stress level; the maximum stress concentration at the
boundary of the tunnel would be decreased and more toad
would be shifted into the interior of the mass. Curve G
represents an elasto-plastic material which yields and pro-
duces a horizontal stress-strain curve. In other words, the
concentration of stress could only be equal to the yield
point in the material with the result that additional stress
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would have to be diffracted farther into the mass. Curve H
represents the common case in rock where the surface
matcrial around a tunnel is partially fractured and can only
sustain a very low level of stress, but where the rock is con-
fined this level of stress increases until the material becomes
cffectively solid and clastic. .

For tunncls cngulfed by a ground shock wave, photoclastic
cxperiments and theoretical analyses have indicated that the
compressive stress concentrations can be predicted with
a moderatc degree of accuracy by applying the above classical
cquations to the peak radial and tangential stresses in the
shock front [5, 6, 7, 8] Actually, thc compressive stress
concentration when the length of the ground shock wave
is large with respect to the size of the tunncl is about 10%
higher than the static values and the tensile stress concen-
tration scems to be about 15%-higher.

On the factors that affect strength, it has been found
from uniaxial compression testing that the average strength
of a rock sample usually decreases with anincrease in volume.
It is thought that flaws may have the naturc of microscopic,
wecak grains within the rock, which would have an effect
similar to onc weak link in a chain. Alternatively, or in
addition, flaws may bc cracks varying in size from the
length of a single mineral grain to the large joints sccn in
a rock facc. Itis then visuvalized that stress concentrations
leading to local failure occur around these crachs as des
cribed in Griffith’s Strength Theory.

Whatever their nature, it is generally assumed that the
maximum size of flaw varies with the volumc of the rock
sample. By assuming a probability density function of the
strength of the imperfections, the average fracture strength
of samples and the dispersion of the results can be calculated
using the statistical theory of extreme values [9, 10]. It can
then be shown, assuming that the number of flaws is pro-
portional to the volume, that the relation between the
uniaxial strength of the sampie and its volume is:

Qb = Qo y-e

where Qp is the compressive strength of a sample of width
b, (2, is the compressive strength of a sample with the same
shape but with unit width, V' is the ratio of the volume of
the sample of width b to the volume of the sample of unit
width, and a is a paramcter that depends on the particular
rock.

This equation has been shown to apply quite well,
not only to laboratory rock samples, but also to concrete
sampies up to 1 m in diameter and to brickwork piers up
to 0.34 m square [11, 12]. Consequently, it is a factor that
must be included in any appraisal of the effects of stress
concentrations.

Previous Experiments

One of the first cascs in rock mechanics of compatring
stress concentralions to strength was concerned with a
study of the failure of mine openings [13). Modcls were
constructed of a mixture of plaster and silica flour, with
a uniaxial compressive strength of 21 ksc. The calculated
tangential stress at failurc in the walls of openings was
found to exceed the strength by 100% and more; also, the
loading pressure on the model required to produce failure
varied inversely with the dimension of the opening.

The disparity between calculated stress and strength
was suggested at that time to be duc to the average stress
over the finite length of the potential fracture surface being




mote important than the stress at a point; thus the average
stress within a finite distance increases with size of opening,
and the larger openings arc less stable. Alternatively, it was
suggested that the probability of local weaknesses and
incipient cracks could be a function of the perimeter of the
opening. Thus the larger openings with greatef perimeters
would have a greater probability of cracking than small
openings. The fact that square and circular openings of
the same size failed at approximately the same pressures
supported this concept.

Another scrics of experiments was carried out in plates
of marble and sandstone-in which circular holes had been
drilled [14]. One scrics of tests was conducted using a uniaxial
field stress which produced failure in tension at the crown
and floor of the holes. A second series of tests was run
with a biaxial fickd stress. So/S, - - 4, where failure was by
crushing in the ribs, The results of these tests are shown
in Table 1. The ratios o,/ T; and a/(s4 were obtained from
the uniaxial plus biaxial experiments respectively. The
models ‘were loaded to failure and the boundary stresses
were calculated using the equations cited above.

Tuble 1

Failure of Circular Openings in Rock 9]

Rock O T. S,

o!Ty . ar'Qy
A hse Ase
Marble 896 53 129 1.75-3.0 09 -1.3
Sandstone 1577 - 111 231 1.8 .29 0.95-1.2

Q, == uniaxial compressive strength; T, - uniaxial tensile strength;
§p = modulus of rupture; g, boundary stress,

Il can be seen in Table | that the agreement between
theory and experiment was not good for tensile fractures
but was very good for compressive failures. It was suggested
that the disparity in the casc of the tensile fractures might
be due to a non-linear stress-strain relation for tensile stresses
which would result in the calculated stresses being higher
than the actual stresses. Some support was obtained for this
explanation by noting that the ratio of the average modulus
of rupture to uniaxial tensile strength was almost equal to
the average ratio of o,/Ty.

As an extrapolation of this work surveys were conducted
underground. It was found that where the major principal
ficld stress could be assumed to be vertical with a biaxial
stress condition, any failures were found to be in the side
walls. Where field stress conditions were cssentially uniaxial,
as in a vertical pillar, tension cracks were found in the
roof and floor with little evidence of compression failure
in the walls. From thesc observations it was concluded
that some information could be obtaincd on the field stress
conditions by observing the location and nature of the
failure of rock around underground opcnings.

In a recent blast trial, vertical holes 0.9 m in diameter
were drilled 19.5 m deep at spacings of 13.7m into basalt
[15). The basalt had a characteristic P-wave velocity of 3300m/s
although the shock wave only (ravelled at 2160 m/s.
The density of the rock was 2.66 g/cc, and the uniaxial
compressive strength of the substancc was 1320 ksc.

Accelerometers and velocity gauges were installed at
the bottom of the holes. A charge of 20 tons of nitromethanc
produced in a hole 27.4 m away a stress, calculaled from

the peak patticle velocity, of 676 ksc. With a positive phase
duration of 0.020 for the particle velocity, the length of the
shock pulse was 43 m. Based on the stress concentration
factor of 1.53 around the end of the hole [20], the peak
radial stress in the shock wave was 442 ksc.

FFrom previous work, as mentioned below in the newly
reported  blast trial cxperiment, the tangential stress in
the shock wave can be assumed to be in tension and equal
to about 119 of the peak radial stress. Using the static equa-
tions ‘cited above, the maximum compressive stress around
the hole would have been 1385 ksc giving a /0, ratio
of LOS, which is bzlter agreement than is inhereit in the.
analysis. The hole at the range of 13.7m was completely
obliterated and that at the range of 41.1 m sustained very
little damage.

New Experiments
Uranivm Mine

In conncction with an extensive study of the in situ stresses
inthe pillars of and in the formation around a uranium mince,
some data was obtaincd on the cffects of stress concentra-
tions [16}. A plan of the mine with the location of the stress
measuring holes is shown in Figurc 2. The rock formation
is a Pre-Cambrian quartzite within which is contained the
conglomcerate ore material.
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Fig. 2— The plan of part of uranium mine showing the location

of the stress-measuring holes in the pillars; the depth below the

ground surface of these pillars varies from 260 m to 310 m; the average
dip of the orebody is I14°

The quartzite is composed of moderately well-rounded
quartz grains firmly cemented by silica. The grains range
insize from 0.2 to 1.5 mm. Feldspar occurs in some specimens
as small particles between the quartz grains and can be up
to as much as 5% of the contents. Sericite alteration is
present along many of the quartz grain boundaries. Pyrite
is also found but usually forms less than 19 of the total
mincral content [17).

The conglomerate consists of quartz pebbles generally
in a quartz matrix but with as much as 5% feldspar in its
alteration products and as much as 15% pyrite also in the
matrix [17].

Table 2 shows the results of this experimental work.
The principal stresses in the pillars, «, and as, arc the
‘average from several readings with some dispersion having
been measured around these means,

The average uniaxial compressive strength of the quar-
tzite substance bascd on 110 tests was found to be 2680 ksc
with a cocfficient of variation of 15.8%; that of the conglo-
merate was 2220 ksc with a coefficient of variation of
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22.5% [17]. The pre-failure deformation characteristics of
both substances are elastic (with strain rates of 0 and 1.0p
strain/hr respectively) and failure characteristics are brittle
(with plastic strain being 0 and 2% of the failure strain
respectively) [17, 18]. The strengths contained in Table 2
are those for -the individual holes which also are mean

values but with dispersions less than 15.8%. The ratio o)f O,

the stress concentration at this particular zone would be
decreased by diffraction into the adjacent zones so that
the compressive stress would be decreased below the
strength level. '

The uniaxial compression tests were conducted on

samples 2.5 cm in diameter by Scm fong. It is possible
that the strength of samples this size is representative of

is based on the calculated maximum compressive stress - the material effectively stressed by the diffraction effects g

using the classical equations cited above. The flaking arcas  around the 15cm holes. However, had the openin ;

described in Table 2 consisted of spalls of the ordcr of 3mm  been of the order of 4 m in diameter (the height of the §

thick. : stopes), it is probable that these strength figures would i
Table 2

Wall I.Failm'es in Uranium Mine Stress Holes 15 ¢m in Diameter

o, o, ) o E k Size of Inclination of Bisector " -
Hole No. * c,/Q Flaking Areas of Flaking Areas

ksc ksc deg ksc ksc * o cm deg
9-1 R D — — 2520 ¢ 8.36* x 10% 1.18y 4 . 3Ix13 36
9-2R 770 320 33 3160 8.02 0.63 4x10 : 27

9-3R 1000 320 53 2780 8.09 0.96 — —_ i

+ 9t L 740 340 59 2200 8.37 0.86 1x3 '35 .
9.2 L 618 250 49 2870 7.80 0.62 —_ —_

9-3L 1100 . 770 54 1950 742 1.30 - —_ .

9-1C 530 170 53 2840 8.92 0.50 — —_
9-2¢C D —_ — 2780 = - 7.87« 1.12v4 5x13 54
10-t R 670 250 52 2090 5.73 1.32 5x8 1
5x8 27
10-2R 610 310 37 2250 1.38 . 0.68 —_ —
10-1 L 600 260 50 2950 . 1.77 0.52 | ] 4
10-2 L 560 225 50 2790 11.10 0.50 $x5 38
10-1 C 985 . 430 42 3040 9.00 0.83 5x13 20
: 5x%x13 44

10-2C 740 280 st 2980 8.15 0.65 -— —_

1t R D — — 2920 = 8.15x 0.86v+ — — ;
1H-2R 750 680 80 - 2050 8.44 0.78 —_ —
1t . 700 130 7 2960 9.04 0.60 i —_ —
12t 760 130 25 2840 8.18 0.67 — —_
-1 C 940 310 50 2970 . 7.80 0.85 3x3 37
11-2C 800 280 46 2980 8.02 0.71 —_ —
11-3C 840 390 4 . 2270 - 8.58 ) 0.94 — —_

04 == average major principal stress in the pillar ; 0, average minor principal stress in the pillar; 0=inclination measured from the vertical to the north

of the major principal stress; Q, == uniaxial compressive strength of rock substance; E = modulus of deformation of rock substance; 0y = galculated maximum
ompressive stress at boundary of hole; D = discing in core preventing stress measurements: x = average values from nearest hole on strike; y = assuming
0, = 1100 + ksc¢ and o,‘is the same as in the other holes in the same pillar,

It can be seen in Table 2 that in the four cases where
the ratio o,/Q, is greater than 1, three produced flaking [19].
‘Of the seventeen cases where the ratio ¢,/Q, is less than 1,
eleven had no flaking but six had flaking. In these latter
cases it is quite possible that the variation in stress around
the mean values would be sufficient to produce actual
stresses high enough for a ratio of ¢,/Q, of 1.

If failure occurs around an opening as a result of the

" compressive stress concentration then, other things being
equal, failure should propagate into the wall until the .

opening collapses. This sequence should occur as the initial
failure would theoretically create a shape that would pro-
duce a more severe stress concentration and hence additional
failute. ’

In spite of this theoretical concept, the apparent com-

* pressive failures in the above holes did not propagate. The
explanation might be as follows: the field stress conditions -

in the rock around the holes varied along their lengths.
Failure occurred just at the distances along the holes where
these stresses were high enough. These failure zones were
of finite length, and consequently, after an initial failure
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not be representative of the larger volume of rock being

stressed. .

It is observed in stopes with geometry starting with an
opening 4mx4m and being mined out to 4 mx20 m that
crushing occurs at the corners. In this area the major prin-

. cipal stress is- horizontal with a magnitude of about 350 ksc.

The maximum compressive stress concentration for these
stopes should not be greater than about 5 with a stress of
1750 ksc, which is considerably lower than most of the
measured values of strength of the rock substance but
still produces failure.

Blast Trial

In 1964 a 500 ton blast tria‘l was conducted at Suffield,
Canada [20]. As part of the trial, six adits, 15 cm in diameter

"by 3 m long, were excavated at each of eleven ranges where
.the ground- surface was subjected to overpressure levels

varying from 5ksc to 0.2ksc (see Figure 3a). Aﬂe}'_the
blast, the adits were excavated and the failure conditions
observed. .
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As mentioned above stress concentrations resulting
.from the engulfment of an underground opening by a
shock wave should be only 10 to 15% greater than those
calculated using tle classical equations cited above. However,
the intensity of failure should be dependent on the duration
of the pulse so that for a relatively short duration at most
only some slabbing in the sides would occur, as indicated
in Figure 3b, as opposed to complete collapse of the opening
for a long duration pulse of critical magnitude.

Besides thc compressive stress concentration due to
the diffraction of the P-wave, there will be tensile stresses
induced in the crown of the adits resulting from the com-
bining of radial compression and tangential tension in the
shock wave. This stress would produce radial cracking
as shown in Figure 3b. At the same time, reflection of
the shock wave can produce radial tensile stress and tangen-
tial cracking as shown in Figure 3c.

Following the P-wave, there is an S-wave generated by
the air blast as shown in Figure 3c. The ground stresses in
this shock wave being pure shear can be resolved into equal
compressive and tensile stresses on planes at 45 degrees
to the wave-front. The resultant compressive stress concen-
trations are less than those from the P-wave; however, the
tensilé stress concentrations can be greater than those from
the P-wave, _

Other effects that might cause failure around the under-
ground openings are the vertical tension that precedes the
R-wave and the horizontal tension that can follow the
moving air blast wave across the surface of the ground
Also, the acceleration downwards induced by this air blast
loading may cause a rebound at an acceleration greater
than 1 g so that the surface layers actually lift off the
underlying ground and leave horizontal «bounce» cracks
as shown. in Figure 3d.

. The ground in which the adits were drilled was a cemented
silt. The uniaxial compressive strength was found to be
7.18 ksc with a coefficient of variation of 28%. The seismic

Afrblest
shack preesure
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Fig. 3-—(a) Suffield blast trial: airblast wave travelling at a
velocity U initiating P«and S -waves in the ground travelling at
velocities of C1, and Cs approaching an inclined adit. (b} Predicted

Jallure patterns from diffraction of P - wave around the adit producing

crushing failure in the sides, radial cracks in the roof and secondary

tensile cracks in the shoulders as a result of crushing at the sides.

{c) Predicted tangential cracking due to reflected P - wave in the

roof. (d) Predicted horlzontal bounce cracks from rebound of ground
after airblast

velocity of the surface layer. which extended down 6 m,
was 336 m/s. When broken down the material was a soil
of low plasticity with 957 of the particles smaller than the
N.° 200 sieve with an average effective angle of interndl
friction of 27 degrees. The natural moisture content ih
1964 was '11% [21]. In situ shear tests showed that thes .
strength of the ground at a depth of 1.2 m was 0.86 of that
obtained at depths from 0.6 t0 0.9 m.

Table 3 shows the results of this experiment. The maxi-
mum compressive tangenlial stresses, o; , were calculated
from the peak overpressures in the air blast at each station
taking into account the dispersion with depth which would
produce a value of 0.8 of the maximum value at the ground
surface at a depth of 1.5 m. In view of this reduction in
ground stress magnitude being almost - identical with the
reduction in strength of the ground, it was considered satis-
factory to use average stress values and average strengths.
The ratio of the horizontal particle velocity to the vertical
partlcle velocity under superseismic conditions based on
previous analyses was considered to be equal to 1/9, and
the stresses were assumed to be in the similar ratio. The
length of the shock waves varied from 40m to 111 m.

Table 3

Wall Failures in Blast Trial Adits

Probability of Frequency of Frequency of

Station % o /0, Failure Cracking Sloughing

kse % % %
A 148 21 99+ 90 55
B 13.8 1.9 99+ 68 16
C 12.2 1.7 99+ 89 n
D 10.4 1.4 98 70 4
E 8.9 1.2 90 64 23
F 7.7 1.1 73 96 26
G 5.7 08 33 53 o1
H 37 0.5 8 87 20
J 18 0.3 1 — 61 0
K 09 0.1 1— 42 0
L 0.5 0.1

1— 0 17

O = maximum compressive stress in the walls; Q. = uniaxial com-
pressive strength, 7.18 ksc,

Based on the dispersion of strength values that were
obtained in the testing program the probabilities of failure

" were calculated for each station as shown in Table 3. A sta-

tistical analysis of the post-shot obsetvations showed the
frequency of cracking to vary from station to station but
only approximately in the pattern . predicted. Similarly,
the frequency of sloughing, or where measurements showed
the horizontal diameter to be greater than the original dia-
meter, showed a variation from station to station. A similar
erratic pattern was found for the frequency of crackmg
resulting from tensile stress concentrations.

In addition, other types of failure assoqatcd with the
other dynamic effects as explained above were observed.
Figure 4 shows some of these effects on two adits. The
possibility of the different effects combining at various
ranges may be one reason for the lack of regulanty in the
frequency of failures together with the spurious effects
that can occur as a result of the acceleration or wbrahon
of the entire ground mass containing the adits.
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