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ABSTRACT

The static fatigue of intact rock strength ( long-term
strength under static uniaxial_ compressive toading) has been

studied using Lac du Bonnet granite, Beebe anorthosite and

Tyndall l-imestone as the test specimens.

A total of 265 tests were carried out at various
constant loads. The experimental data rvere analyzed using a

probabilistic approach based on the weibull distribution.
The static fatigue curve, describing the rerationship between

strength and time, was constructed by rerating the dry short-
term strength distribution to the distribution of the time to
failure data at constant 1oad.

The static fatigue data have also been anaryzed without
reference to the weibul-l distribution. An exponential
function where the asymptote shoul-d indicate the static
fatigue limit was fitted to the static fatigue data. static
fatigue limits of both graníte and. anorthosite approximate

562 of thei-r mean compressive strength, whereas the rimestone

indicates a timit of 432.

An attempt was made to construct a "universal- fatigue
curve" using the data from al-l- the tests on the three rock

types. This curve suggests a static fatigue limit at 54eo of
the strength.
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Chapter f

INTRODUCTTON

static fatigue is defined as the delayed failure of a

material under sustained roading. French champagne makers

never used â bottle twice, owing to observed glass fail_ure
attributed to static fatigue (wiederhoïn, jg66). A great
deal of attention has been given to the study of static
fatigue in ceramic components; many of these are used in
satel-1ite technology. rn the past, static fatigue faifure
of rock was not taken into consideration in the design and

use of underground openings even though the fact that rocks
have a limited "stand-up time" was a recognized probrem.

only recentÌy has the static fatigue of rocks been studied.
The incentive for this has come from the nucl_ear industry
which intends to bury its waste in deep geolog-ical form-
ations.

The strength of a rock mass wirl- depend on the intact
rock strength and frictiona] resistance al-ong discontinuities.
The long-term stabil-ity will therefore depend on the time-
dependency of strength and friction. Amadei and curran
(1980) and Dietrich (1glz), however, reported an increase in
friction with time for discontinuities in rocks. Lajtai
(1985) has arso shown that frictional resistance on a discon-
tinuity in Lac du Bonnet granite increases with time. There-
fore, the intact rock strength has a rol_e in the long-term
stability of a rock mass.



The long-term stability ( static fatigue l_imit ) is

investigated here for two crystalline rocks; Lac du Bonnet

granite and Beebe anorthosite; and a sedimentary carbonate

rock; l-imestone (TyndalIstone ) .
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Chapter II
THEORY OF STATIC FAT]GUE

rf a material is stressed above a certain lever, but
below its instantaneous strength, failure by rupture may

occur with time. This type of fail_ure is known as fairure
through static fatigue. The time involved is known as time
to failure or l-ifetime of the materiar. The rifetime of a

material depends on severar factors, mainry stress, but also
on such environmental- factors as temperature and. humidity.
Material-s do not have a specific failure time associated with
them. Brittle materials, incruding rocks, have a wide vari-
ation of failure times often through five to six orders of
magnitude. Instantaneous strength measurements (compressi-ve

strength for example ) are similarly distributed arthough the
range of strength val-ues is narrower. rn general, neither
the strength nor the failure time is a unique materiaf con-
stant, both are statistical quantities.

The most common theoretical distribution that is used

to model both the strength and failure time measurements is the
Weibull distribution (Weibu1f | 1951).

The Weibull distribution is an extreme val-ue distribution
which has been developed to predict the occurrence of fl_oods

Static Fatique And The Weibul_l Distribution
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and droughts and other extreme events. weibul_l showed that
his distribution function adequately described experimental

data on the tensife strength and tifetime of steel_ and other
materials. rts usefulness lies in its versatility through a

judicious serection of parameters. The distribution may take

many shapes and can approximate the widely different normal_

and exponential distributions.

The weibulr distribution in its generar two-parameter

form (Snowden, 1977) can be expressed as:

n(o lil

where P is the cumul-ative probabitity of fairure I v is
the volume of the specimen , L is the load duration and o,

v, t' m and w are the weibull constants. rn addition to
strength and fail-ure time, this distribution has been shown

to account for the well known "size effect" in rock strength
as we]I. However, size effect was el-iminated, since arl the
rock specimens used in the testing program \dere the same size
( constant vol-ume ) .

The compressive strength distribution represents the

strength data ( o ) at a constant volume and constant 1oad

duration by the equation:

1 - exp[-zom]D'(o)

where Z is a

to failure data

cons,tant combining the other constants

is al-so model-l-ed by the same equation

l2l

. Time

given
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a constant l-oad (orr). The probabirity equation then

becomes:

P(t) = 1 -exp[-ytt] t3l

where Y is a constant combining all- other constants. The

constants Y and z are usualÌy referred to as kv and

the constants m and w are denoted as m. Therefore, the
given probability function from equation t 1 I is:

t4l

The constants kv and m for each distiibution are
determined by plotting snsnIt/ (l-n(o,t) ) ] against .e,n(o,t)

and assigning the probabitity as:

ni
'(o,t) N + 1 tsl

where i is the rank when the measurements are ordered from

the weakest ( shortest time to fail_ure ) to the strongest ( long_

est time to failure ) and N is the number of tests. This

transformation puts the weibulf distributj-on in l-inear form:

ønsntf=-f. 
-l 

= r,nkv + m sn(o,t) t6l'(o,t)

where m is the slope of the best straÍght fine fit and .cn

kV is the intercept.

hihen results from N strength and N time to
failure tests are ranked in ascending order, rank 1 corresponds

to the weakest strength specimen and the shortest time to

J_



failure and rank N corresponds to the strongest strength

specimen and the longest time to faifure in the test series.

One may now make the assumption that the faifure times listed
at rank i belong to the specimen whose instantaneous strength
is listed at the same i-th rank (Burke et.al ",1971). This

is based on the expectation that the weaker specimen witl fail

before the stronger. The same constant road apptied to a weak

and a strong specimen does not resul-t in the same stressing

Ievel, i.e., the weak one is stressed higher than the strong
one. This is equivalent to expressinq:

I7l

relationship between stress andwhich defines the followinq

time to failure:

(kv)

From equation

to fail-ure at

solving for o

n(o) n(t)

m.(kv), r t
L

t B I the relationship between

a 
. 
constant fatigue load can

and t:

tBl

strength and time

be obtained by

tel
(kv), 1/m

r tt
* (kv) '

o

(kv) t/mt
/ or
'(kv), '

T-,

m- /mtõ't'

m /m.o't'o Iio]

to the static
normali zíng

The strengt.h may be normalized with respect

fatigue l-oad applied to the specimen. Therefore,

the strength ( stress level- ) in percent form:
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100 x applied static fatigue load (or')
stress level ( o" )

and substj-tuting

strength ( o )

equation [11] into I9l and t10l

kv. 1/mo
r trtkv t '

kv. I /mt
r trtkv t t

o

-m. /m.t'oosF't

, 
osF. *o/*t

(-l
oL

[i1]

Ítz1

t13l

produces thearrd l-ineari zing both equations [ 1 2 ]

stati-c f atigue curve:

" kV-
snol = #øn(ççll +snoSF

oo

or

oL

t

gnql = m

where m=slope and

# u"(#q) . þ sn ,F,
lotL

and I13l

m.t
m

o
l,nt ttal

gnt [15]

It can be shown that the static fatigue curve can also

be generated without the use of the Weibull distribution.

This approach requires the test specimen population to be the

same in both the strength and time to failure tests. The

weakest specimen in the strength distribution is paired with

the shortest failure time in the time to failure distribution

until rank N. A plot of stress level (or) from equation

[ 1 1 ] versus time to fai]ure defines the rel-ation between o

and t. The stress level and time to failure are linearized

takingthe form of a straight line (y = mx + b):

r,nt t b

b - oL intercept

7-
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As discussed above, the static fatigue curve can be

generated with Weibull- theory or by simply pairing the

strength and time to fairure data" The static fatigue data

of Lac du Bonnet granite subjected to a load (stress) of i60

MPa may be used to demorustrate the use of the weibul-l theory
and the simple pairing process.

Initially fourteen strength and fourteen time to failure
tests (160 ttpa) were performed on the granite (rigs. 1, 2

and 3). The data are shown in Tables 'l and 4. (Later strength
tests increased the specimen popuration from N - 1 4 to

]rl = 70. However, the difference between the means of the
N - 14 and N - 70 groups is not statisticarry significant
at the 992 confidence level). The test data of Tables 1 and

4 were paired and the resulting stress l_evel_s plotted against
the time to failure in natural fog form. A straight line
l-east square fit to the static fatigue data is shown in
Figure 4" The slope of ^L/*o = -0.0151 in equation t14l
from weibul-1 theory compares reasonably weJ-l with the slope

of m = -0.0172 when pairing rank 1 to rank N data for the
granite 160 Ir{Pa series.
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Chapter III

EXPER]MENTAL PROGRAM

Three rock types were used in the experimentar program.

Test specimens were prepared from blocks of granite purchased

from the Cold Spring Quarry located near Lac du Bonnet, Manitoba.

The anorthosite came from Beebe, euebec, and was supplied by

the civil Engineering Department, university of Manitoba. The

limestone, commonry referred to as Tyndall stone in Manitoba,

comes from a quarry near Garson, Manitoba.

One hundred and thirty instantaneous uniaxiaf compression

tests and 268 time to failure tests were conducted. The num-

ber of tests performed on Lac du Bonnet granite, Beebe anorthosite
and Tyndall limestone were, 208, 99 and 91, respectively.

strength tests were conducted on dry specimens at room temp-

erature and humidity. Time to failure tests were conducted

in a water bath at room temperature (25'C). The saturated
specimen was tested in the most appropriate environment that
exists in rocks at depth, i.e., 100% humidity.

3.1 Sample Preparation

The bl-ocks of rock were cored with diamond set drill- bits
on a ¡nodified dril-l press in the laboratory. Bl-ocks of Lac du

Bonnet granite were oriented and cored verticalJ-y. Orientation
of the anorthosite and rimestone blocks were not known. A con-

stant supply of water \^ras applied through the drill stem to

cool and lubricate the bit. The speed and appried pressure on

the bit were determined by the operator.

-9



Several pieces of core, with a diameter of 31"7mm¡ \,vere

drilled from the bl-ocks with their coring axes kept paral1el.

These pieces of core were then cut with a diamond set saw blade

to a length of approximately 68mm. The cut ends were then

ground perpendicular to the main core axis to a length of

64mm. This sampJ-e dimension satisfied the minimum acceptable

length to diameter ratio of two (Hawkes and Mel-lor, 1970).

3.2 Uniaxial Compressive Strenqth Test

Compressive strength tests \,vere carried out on a Baldwin

hydrauricalry controlred testing machine with a capacity of

266 kN. The rock specimens were l-oaded through hardened

steel plattens machined to a diameter of 3i.7mm. A spheri-

cal- head was placed at one end to ensure even loading. The

loading rate was kept at approximately 2.5 Mpa per second.

The strength test results of 70 dry specimens of granJ_te,

32 dry specimens of anorthosite, and 28 dry specimens of lime-

stone are risted in Tables 1 , 2 and 3. The normal procedure

for instantaneous strength determination is to isolate the

test specimen from environmental effects in a bath of liquid

nitrogen. Lajtai et.al. (in preparation) states that environ-

mental- effects at fast loading rates ( instantaneous strength

test ) have little significance on the test results.

- 10



3.3 !i_*" To Failure Test

Time to fairure tests were carried out on a structural
Behaviour cr-50 loadíng frame connected to an Ap-1000 air on
oil pump- This equipment was abr-e to appry a reasonably
constant uniaxial- compressive ]oad (+52) to a specimen unti]
f ail-ure. Approximately two second.s af ter opening a varve, a

constant foad was applied to the specimen.

The environmentar conditions for the specimens in the
time to fail-ure test differ from those for the strength tests.
A coated steer pot was fifred with water and the rock speci_
men was then rowered into it, specimens for this test weïe
al-lowed to soak in water under vacuum for at r_east 48 hours
before testing" The specimens remained under water until
fail-ure qno their faifure times vrere _recorded.

one hundred and fifty-two granite specimens \,vere divided
into nine gïoups. Eight groups consi.sted of fourteen speci-
mens and the ninth group had forty. The l-atter was tested in
static fatigue at 166 Mpa and the remaining eight series of
fourteen speci-mens were tested at constant roads of 155, 160,
170 , 177 , 1 BB, 1gg , 207 and 215

Three series of fourteen specimens at constant r-oads of
105, 111 and 1 15 Mpa and one series of twenty-five specimens
at a l-oad of 95 Mpa comprised the sixty-seven anorthosite
time to f ail_ure tests.

Time to failure tests on the
forty-nine specimens subjected to
1985) and fourteen specimens at a

limestone consisted of
a load of 50 Mpa (Bures,

constant load of 57 Mpa

11



(eel-t, 1984) totalling sixty_three tests.
The applied static fatigue roads for the various rock

types correspond to loading expressed as a percentage of the
mean compressive strength, between 69 and g5z for granite,
66 to B0B for anorthosi-te and 66 to 752 for the fime_
stone - severar- specimens faifed before the designed road
had been reached. one granite specimen subjected to a road
of 1 55 Mpa did not f air- f or f orty-f ive days. These specj_-
mens are identified in Tables 5, 6 and 7 .

12



Chapter IV

RESULTS AND D]SCUSSION

A comparison and analysis of the strength and time to
fail-ure data for the three rock types are presented berow.

4 " 1 Instantaneous Strenqth Results

seventy granite, thirty-two anorthosite and twenty-
eight l-imestone specimens rdere fail-ed and their instantaneous
strengths recorded (tables 1,2 and 3). The strength test
was performed on each rock type to determine its character_
istic distribution. Tabl-e 7 summarizes the mean strength
(co) and standard deviation of the granite, anorthosite and

l-imestone.

Values of standard deviation between 3.5å and i 0g

are considered attainable by Obert and Duvall, (1961 ) for
uniaxiar compression tests. The anorthosite has 2/3 the
strength of granite and the limestone i/3 that of the
granite.

The shape of the strength distribution for each rock
type is not a simple normal distribution. Arl_ distributions
are skewed to the l-ef t. Figure 5 shows the strength va]ues

for LDB granite fitted according to the normal distribution.
The histogram shows a skewed distribution to the left and

the peak of the bell curve over a trough in the distribution.
Indeed, the distribution may even be bimodal_.

13



The Weibul-1 distribution has been fitted to the instantaneous
compressive strength data and is shown on Figures 6, 7 and B.

The correlation coefficient (r, ) woul_d suggest that weibulr
theory fits the strength data reasonably well. A more rigorous
analysis involving a statistical test such as the "run" test,
however, indicates that the fit is onty an approximate one (Mack , 1g66).

4.2 Time To Failure Results

The resul-ts of each series was fitted to the Weibul-l dis-
tribution. Figure 9 shows that the time to failure distribu-
tion for granite at 166 Mpa is not a normal_ distribution. A

reasonably good fit (r2 = 0.97 ) using the Weibull- distribution
for the same case is shown on Figure 1 0. As with the strength
tests, the weibull distribution gives the best fit, but again
the more rigorous "run" test analysis indicates the fit is
only approximate.

4.3 Mean Time To Failure

Calculations of the mean time to fail-ure for each series
is perhaps the simplest statistical- cal_cul_ation. A failure
time of one second was given to specimens which did not reach

the design l-oad and 45 days to the specimen which did not
fail in the 155 MPa granj-te series. Tabre B l_ists the mean

fairure times (x) and standard deviation (s) for the
three rock types. The wide scatter of data in a time to
failure test is further exemplified by the standard devj-ation
value. Deviati-ons about the mean reach z6os" which il-fus-
trate that the mean val-ue is a poor representation of the data.

14



Mean fail-ure times for LDB granite ,have been plotted against
the static fatigue ]oad in log-rog space shown in Figure 1 1.

A l-inear and exponential function has been fitted for the .Q.n

(stress leve]) versus øn (mean time to failure) plot. The

equations are shown on Figure 1 1 " The fitted curve has a

negative slope, indicating an increase in the mean time to
failure with lower applied stresses. Extrapolating the curve

to .Q.n (stress lever ) = 0 corresponds to a f ailure time of
9-2 x 1070 years. one would, however, prefer a failure time
equal- to inf inity at zero l-oad. An exponential f unction ( r,n

stress = 0.86 x exp[-O.05 x rn(TTF)] + 4.60) can also be fitted
to the data- Assuming a failure time of infinity, the exponential
term in the function becomes zero and the constant becomes the
static fatigue l-imit. According to this exponential function,
no failure wourd occur when the granite is subjected to a com_

pressive stress l-ess than 50 Mpa. This value is lower than the
mean crack initiation stress of 70.5 Mpa (Lajtai et.al_. 1gB2).

crack initiation stresses less than 50 Mpa have been measured,

but these are individual tests in the distribution.
This analysis ill-ustrates that two very different

functions can fit the data with the same degree of confidence.

The variability of time to failure data and the physicar
characteristics of LDB granite suggest the results of the
analysis are inconclusive. Iv1ean protting of aI1 the static
fatigue data is also a very poor representation of many tests.
Anarysis of the strength and time to fail_ure distributions
are necessary to make better use of the data and provide more

15



meaningful concl-usions. Therefore, the probabilistic approach

based on the Weibull- distribution and is perhaps the more

reasonable approach.

4.4 The Static Fatique Curve

One may fit a straight line ( in 1og-1og space ) to the

results of each test series as shown previously in Figure 4.

The slope of the obtained static fatigue curve for each static

f atigue l-oad is listed in Table 9.

The granite, anorthosite and limestone show a general

decrease in the static fatigue curve slope when subjected to

lower stresses. Equation l14l of the Weibul-I analysis cannot

account for this; it predicts the same slope irrespective

of the static fatigue l-oad. The experimental- points should

follow a linear trend at a constant slope according to

equation [14]. In the next step, reliance on the Weibull-

distribution was abandoned while retaining the "stress level

vs. time to failure" pairing aspect of the analysis. All

the pairs h/ere grouped regardÌess of the static fatigue load

and anaÌyzed together.

4.5 Static Fatigue Limit

AII l-inear functions attempting to model- the stress

versus time to failure relationship intersect the time to
failure axis at zero stress. The exponential- function

fitted to stress versus mean time to failure in Figure 1 1

does not interesect the time axis. A stress levei- asymptote

16



of 50 MPa occurs when time is infinite. The presence

of a stati-c fatigue l-imit is arso shown on i,.igures 12, 13

and 1 4. Plotting stress lever versus, time to failure in
log-1og space shows a curvature in the famity of data points.
An exponential_ function of the general form

\zI

was used to

level, ? )

ing fitted

level-s of

anorthosite

Granlte

Anorthosite

Limestone

A.exp(BX+C)

model the rel-ationship between y - sn (

and X - gn ( time to faifure, sec ) . The

equations model- the data points between

63 to 1 1 0Z for granite , 60 to 1092

, and 67 to B5U for the limestone.

[111

stres s

fo11ow-

stres s

for

øn(oL) - 0.574 exp[-0.0874. !,n(TTF)] + 4.039
[18]

.r,n(o") - 0.558 exp[-0.141 r,n(rrr)] + 4.022
tlel

.r,n(o") = 0.708 exp[-0.050 . sn(TTF)] + 3.156
t20l

For very long f ail-ure times (fff' = - ) the exponential
term becomes zero and parameter C is the limit. Equation

[18] reduces to ¿n(SL) = 4.03g, equation t19l to sn(SL) =

4.022 and equation t20l to sn(SL) = 3.756. The static
fatigue l-imits are expressed. more meanj_ngfulry as a percent_
age of the strength, i.e., 572 or 128 À4pa for granite;
562 or B0 MPa for anorthosite; and 432 or 33 Mpa for the
limestone. The above static fatigue rimits are within the
952 confidence range at 121 to 136 Mpa, j3 to Bj Mpa and

30 to 35 MPa for granite, anorthosite and J-imestone, respec-
tively

17



Moul-d and Southwick, (1959) introduced the concept of
the universal- fatigue curve" This universar curve was con_

structed by normarizing both the long-term strength and time to
failure data so that test results for different materials could
be plotted together. rn particurar, strength is normalized
with the instantaneous strength and time to failure with the
measured time to failure when the static fatigue toad is one

haff of the instantaneous strength.

A similiar method has been adopted to construct the
universal static fatigue curve for the tested rock types.
strength varues have already been normalized to percent form
with respect to the average uniaxiaf compressive strength.
The timetofairuredatawas normalized by dividing sn (time
to failure) by the sn (time to failure) at the convenient
stress lever of 752 for each rock type. Time to fairure
at a stress level of 50? is difficurt to measure, as the
static fatigue limit itsel-f may be over this. The normarized
time to failure data (standard time to fail-ure) constants
at SL 752 are tabulated below.

Granite

Anorthosite

Limestone

sn (rr¡' 752)

.cn (rr¡' 752)

sn (rr¡' 752)

B.1B

4-41

/1 tr)
T. JJ

The universat static fatigue curve plot of sn ( stress level,
å)'versus gn (752 std time to fairure, sec) is shown on

Figure 1 5. An exponentiar function in the same form as

equation [11] has been fitted to 265 data points producing
the following universal static fatigue curve.
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sn (SL) = 0.580 exp[-0.541 . sn (75e" SrO rrr)] + 3.990

Izt 1

The universaf static fatigue limit according to this function,
with 952 confidence boundaries ranges from 5i to 58? of
the mean compressive strength. Therefore, accord.ing to
equation [zl 1 at rrF = - ¡ a geologic materiaf exhibits a

static fatigue limit at approximately 50u of its mean

strength. The static fatigue data of the rimestone may how_

ever indicate a lower l_imit (f igure j 4) , as the l_imestone

data points at the tair-end of the curve seem to have their
own trend. obviously, extrapoJ_ation of the resurts using the
concept of the "universar static fatigue curve,, must be
undertaken with caution. The static fatigue r_imit obtained
this way must be regarded as a crude approximation.
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Chapter V

ENGINEERING DESIGN

Defining a function which moders the performance of a

material- for exceptionally long periods of time is very dif-
ficult. An exponential function has been fitted to the static
fatigue data of granite, anorthosite and fimestone in an

attempt to moder their fail-ure times at stresses ranging from

zero to the compressive strength. Experimental- data at short
fail-ure times (<400 sec) has a wide vertical- scatter which

reduces with longer failure times. Several experimental points
plotting in the short time to failure range at l_ower stresses
may be premature fairures just as those tests which failed be-

fore the design load had been reached. The possibility of more

than one faifure mechanism over the length of the experimental_

fail-ure times shoul-d not be excluded. However, the ruptured
specimens provided no evj-dence to support the existence of
more than one failure mechanism. An exponential function can

also be fitted to experimentar points in the lower stress
range where data scatter is usually less and the experimentar
points no J-onger ilrustrate a curvature. Either a linear or
an exponential curve can easily be fitted to the last B0 data
points of the granite curve shown in Figure 1 6. These functions
describe the statj-c fatigue reasonably welt for failure times

up to two weeks. Estimated stress revel_s for the linear and

exponential fit differ onry by 7 Mpa for a service life of
100 years. Therefore, for a servj-ce life span of 100 years,

20



both functions may serve equally wefr-. For longer service rife
the extension of these curves would be highly speculative.

rnterestingly, the static fatigue ]imit expressed as a

percentage of the mean compressive strength for the granite
and anorthosite from equations IlA] and t19l is the same.

The static fatigue rimit of l-imestone is only 432 of its
mean compressive strength suggesting a much rower limit for
carbonates. The normal-ization invofved in the universal_

static fatigue did not remove the 1 4z difference.

The available static fatigue data has been modeJ_1ed by

an exponential function. Faifure limits can be interpreted
for the rock types tested in this study. The moder predicts
a static fatigue limit for the rong-term stability of the
rock. The following stresses are those at which no fail_ure
wiÌl occur.

Granite

Anorthosite

Limestone

1 28 MPa

B0 MPa

3 3 I4Pa

rf one ignored the probable size effect it is possible to use

equations I lB], [19], and t20I and ¡neasured stresses in the
canadian shierd (Herget, 1980) to predict the service l_ife of
undergrounó openings exudvated iii tìre iest rock¡.

Herget, (1980) concluded that the minimum

compressive stress is oriented vertically which

overburden weight. Maximum principal stresses

principal

is simply the

are oriented

21



sub-horizontally and have been

functions. The first function
atadepthof 0-900m.

For example, a critical depth of an

l-i-mestone woul_d be:

modell-ed by two

models the hori

I inear

zontal stress

9.86 + 0.371 Mpa/m Izz1

The second linear function moder-s horizontal stresses from
900 to 2200m.

33.41 + 0.011 Mpa/m Lzzl

The excavation of underground openings concentrates stresses
around an opening. El-astic theory predicts stress concen-
tration factors between zero and three depending on opening
geometry and the distance of intersecting and adjacent open_
ings. Obert and Duva1l, (1967) report that Hast measured
stresses in swedish mines and discovered that the stress
concentration factor was approximately two.

Long-term stability (t _ _) at depth in granite,
anorthosite and limestone can be predicted by combining
equations of in-situ stress and time dependent failure.

static fatigue limit / stress concentration factor
lzal

underground opening in

o=

=

33/Sc = 9.86 + 0.037i/a
179 metres.

[2s]

where sc is the stress concentration assumed to be two and
d" = critical depth. Similarly, d. can be cal_cul_ated for
the granite and anorthosite.

22



Granite d. = 2781 metres

Anorthosite d" : 812 metres

simil-ar carculations can be made with finite time simply by

equating o to a form equivarent to the mean compressive

strength and substituting eguations [18], tigl and l20l into
equations [221 and 1231.

Fail-ure of underground openings has been experienced by

many mines excavated at depth in the canadian shield. For

example, rock bursts have occurred at a depth of 460 to
600m in the porphyry and tuff at Kirkland Lake, (Herget,

1 980 ) and at a depth of approximatery 600m in the andesite
at the campbell Mine in Balmertown, Northwestern ontario.
Herget, 1980 al-so stated that Hedrey reported the occurrence

of rock bursts at a depth of 120m at a mine in Newfoundland.

The exponential function fitted to the static fatigue
data from uniaxial- compression tests is an attempt to moder

the time-dependent failure of several rock types dispraying
different compressive strengths. uniaxiar compression is the
most critical stress state that occurs in underground open-

ings. The existence of a confining pressure increases the
fatigue failure times (Kranz, 1980).
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Chapter VI

CONCLUSION

A rel-ationship between strength and failure time data

has been proposed for granite, anorthosite and l-imestone.

An attempt to model this relationship utirizing weibull's

probabilistic theory and the exponential curve has been made.

The characteristic strength distribution of each rock

type tested in this study was determined through the uniaxial-

compressive test. The average instantaneous compressive

strength (Co ) of each rock \^/as:

Test specimens \^zere subjected to constant l-oads below their
average compressive strengths and allowed to fail and the time

to failure \^/as measured. Higher stresses resulted in shorter
times to fail-ure. Data varues at the same probabirity in the

strength and time to f ailure distributions \ivere paired and plotted

to create the static fatigue curve. Experímentaf points, when

grouped as a family, indicated a "ffattening" at l-ower stress.
An exponentiar functj-on, relating stress level and time to
f ail-ure, was f itted to model- this static f atigue data. The

fitted functions are as foflows:

Granite

Anorthosite

Limestone

en(o")

øn(o")

tn(o")

226 MPa

i 43 MPa

76 MPa

Granite

Anorthosite

Limestone

0.574

0.ssB

0.708

exp[-0.0874 - sn(TTF)] + 4.039

exp[-0.141 . sn(TTF)] + 4.022

exp[-0.050 ' sn(TTF)] + 3.756

24



the function defines the static fatigue

expressed as a percentage of the compres-

sive strength" The compressive static fatigue rimits of the

tested rocks are Iisted below.

The asymptote

timit and can

572 (Co) or 128 MPa

562 (Co) or B0 MPa

432 (Co) or 33 MPa

A1l- experimentar tests \^¡ere normalized for both stress
and time to fail-ure and plotted on a universat static
fatigue curve. The experi-mental data points behaved in the
same non-linear manner. An exponentiar function was fitted
to the 265 experimental points and produced the following
universal static fatigue curve.

of

be

Granite

Anorthosite

Limestone

!,n(oL) 0.580 exp[-0.541 øn(753 STD TTF) ] + 3.990

The uníversal fimit according to the above exponential
function is approximately half of the mean compressive

strength of geologic materials.

whether or not the exponential curve models the static
fati-gue data accurately is veïy important. The function fits
the data reasonabry werl up to a fairure time of two weeks.

However, the question is whether or not this function is
valid for failure time predictions beyond two weeks. Schmidtke

and Lajtai, ( in press ) show that an exponenti-al or linear
function predict stress level-s equarly wert. The two fitted
functions begin to diverge significantly beyond failure times
of about 100 years. The use of the fitted curves beyond

this is highly speculative.

-2s



2.

3.

4.

6.

REFERENCES

Amadei , B. and Curran, J. H. , 1 980. ,'Creep behavÍour
of rock joints", Proc. 13th Canadian Rock Mech. Svmp.,
pp. 1 46-1 50 .

Befl, G.K., 1984. "static fatigue analysis of saturated
limestone", Unpublished B.Sc. thesis, Department of
Geological Engineerirg, University of Manj_toba.

Burer G.H., 1985. "Static fatigue of acidic water satur-
ated Tyndall limestone", Unpublished B.Sc. thesis,
Department of GeoJ-ogical Engineerirg, University of
Manitoba.

Burke, J.H., Doremus, R.H., HiIIig, W.8., Turkal_o, A.M.,
1971. "Static fatigue in glasses and alumina", In:
Ceramics in Severe Environments.

Cruden, D.M., 1974. "The static fatigue of brittle rock
under uniaxial compression", Int. J. Rock Mech. Min.
Sci. and Geomech., Abstr. Vof II ' pp. 67-73

Dietrich, J.H., 1972. "Time-dependent friction i-n rocks",
J. Geophvs. Res. 77, pp. 377 1-3781.

Hawkes, I. and Mell_or , M. , 1970. ,'Uniaxial- testing in
rock mechanics laboratories", Eng. Geol., 4, pp. jjl-
285.

Herget, G., 1980. "Regional stresses in the Canadj_an
Shield", Canadian Institute of Mining and Metafl_urgy,
Special V

Hoek' E. and Brown, E.T., 1980. "underground excavations
in rock", Institution of ¡lininq and MetaI1urgy, London,
p. 527.

Koskiw, L.M.P., 1984. Static fatigue of Red River
Limestone", Unpublished B.Sc. thesis, Department of
Geological Engineeri.g, University of Manitoba.

Kennedy, J.B. and NevilIe, A.M. , 1976. Basic
Statistical Methods For Enginee Sciëñtists,
New York: Harper and Row, p. 490.

Kozokowsky, G.p., 1983. "Static fatigue of anorthosite"
Unpublished B.Sc. thesis, Department of Geological
Engineerirg, UniverSity of Manitoba.

q

10.

11.

12

26



t3

14

Kranz, R.L., 1980, "The effects
and stress difference on static
Journal of Ge@,
1 B54_1 866.

of confining pressure
fatigue of granite",
Vol-. 85, No. 84, pp.

1959 - "Strength and
under controlied

Ceram. Soc., 42,

15.

16.

E.Z. and Schmidtke, R.H., in press. ,'Delayed
in rock loaded in uniaxial compression,,, Rock

Lajtai, E.Z-, in press. "The time_dependency of rockstrength " ,
Lajtai, 8.2., Bielus, L.p. and Schmidtke, R.H., inpreparation - "The effect of water on the time-dependentdeformation and fracture of granite,'.
Mack, c-, 1966 - "Essentials of statistics for scientistsand technologists,'. pl-enum press, New york , 1g67.

itlould, R. E. and Southwick, R. D. ,static fatigue of abraded glass
ambient conditions: II"" J: Amer

Lajtai,
fai Iure
Mech.

No. 12, pp. 582 592.

Schmidtke, R.H
term strength
Mech. Min. Sci

Obert, L. and Duva1l, W.I., .1967.
The Desiqn of Structures iL_Bse¡,

Rock Mechanics And
-New York: Wiley.

11.

iB.

21

19.

20.

22.

)?

vü.E.
of
of

Schmidtke, R.H., 1983. "Static fatigue of Lac duBonnet granite", unpubrished B.sc. tÉesis, Departmentof Geologicar Enginèerirg, university oi ¡ranitoba.

" _and Lajtai, 8.2., in press.
of Lac du Bonnet granitó", fnt

Snowden,
behaviour
Mechanics

and Geomech., Abstr

, 1977 - "surface flawsglass optical fibres",
Ceramics 3. Bradt, R.C.

"The J-ong-
. J. Rock

and the mechanical
In: Fracture
, Hassêlmãrç D. p. HLange, F. Eds. ) .

I¡Ieibull-, w-, 1951- "A statisticar distribution functionof wide applicabi_lity", Applied Mech."iãS_ ¡gr_lgrs a;-pp. 449-451.

F.

27



APPENDIX A

FIGURES

-28



llttt

U
..1
lJ-
-r,.¿
..1
!
+J
U)

..1

E
JJ
f,t'r
tr
(J
t-l

I

I

I

I

I

I

I

I

rl
ll
tt
tt
II
lt
lt
tt

\f

ilz
LJ
t-
Hz
(E
v.
(J

trt
tr¡
J
llo
:E
!--(,
z
t¡Ja
a

r\ottttlt_trlli---\ ---l- ---i ---i --1øþ¿ 9 !=| \o I r r I ü U-lt\t trlv.o)| | \- | r , I Ë -l,

du)
fL o)ç

.d^

tfl sû
j (rl-
J- CJ

a tcrJ .çu l:fL :*E o.5o .ÎJu -i ..
-v5d
-aË
- _.1

0J (rr
BO

ø8I

AITlTgHgOUd 3AIIU']NHN3

I r '\- | r I ir gËr r ?\ | r I x ãI r r \ | I I LJ rõ!rtto\r 
r

r

0)
l.t

Þ'

h
6¡

E¡

a

-29



t.ø

!-.-
H
J
H
fI¡(r
m()
v.
fL

l¡J

H
t--tr
Jf
Ef
(J

I

UJ
O

I

LDB GRRNITE SERIES FìT I6ØMPa
.1

ø"Ø

Figure 2:

6¡
s¡
6¡
6t
G¡q

Tff4E TO FRILURE, see
Weibull- plot Tíme to fai lure distribution
Bonnet granite at a constant load of 1 60 Mpa
The fitted curve was computer generated at
measured failure times.

--ì

I

I

I

I

I

I

I

I
I

I

I

I

I

I

I

--ì

I

I

I

I

I

I

I

I
I

I

I

I

I

I

I

I
I

I

I

I

I

I

J
GI
s¡
E¡
s¡
s¡
(o

E¡
s¡
s¡
6¡
6¡
ßl

of Lac du
(N = 14).

the



LDB GRFINITE SERTES RT T 6ØMPa
-l--- ---l- _l___ __l_ ____l
tlt¡l

I

(,

I

TL
I

c
J
c
J

et

-t

-&

-?

Figure 3:
Ln ( TIME

Linear reqression
du Bonnet granite

(otlNút

TO FFITLURE, sec)
line of time to failure data for Lac
at a constant load of 160 Mpa (N : 14).



4.7

4.6

4"5

4.4

4"3

4.?

4"X

4.Ø

3"9

I

UJ
I\J

I

ñ
J
l¡J

l¡J
J
Ina
t¡J
u.l-
g

tr
J

LIIB GRFNITE SF TEST FT t 6ØMpa
-l

I

I
I

I
-'t

I

I

I

I
-1

I

I

I

I
-l

I

I

I

I
-'l

I

I

Figure 4z

(?¡ fo

o

static fatigue curve of Lac du Bonnet granite at aconstant load of i60 Mpa (N = 14).

Ln (TIME TO FFIILURE, sec)

'-l
I

I

I

I

I
I

I

I

I
-l

I

I

I

I

I
I

I

I

I

I
I

I

I

Iì
I

I
I

I

I

o

otn,en
dd



2ø

(J

fir
:le
LJI
v.
1¡.

t8

I

t¡J
UJ

I

l6

LT]B GRRI.ITTE COMPRESSTVE STRENGTH

4

t¿J

H
F.(r
J
L¡J
M.

t-z
l.¡J
(J
M.
l¡J
fL

te

lct

I

6

4

e

ø
s¡
ID

7
,:-\

t/
I

ì

-/

I

I
- -/.

o
ot

(

Figure

6¡
6¡
nl

STRENGTH, MPA

Histogram of Lac du Bonnet granite uniaxialcompressive strength distribution. Normalfitted to the strength data (N = ZO).

6¡

ru

\

6¡
n¡
nl

\

$¡
(Ð
nl

6¡ç
Ât

s¡
tf)
N

6t
ur
ß,

instantaneous
distribution

st
N
(u



t.ø

C¡

"E

"7

"6

"5

a

"3

"?

"t

Ø"@

t--
H
J
H
m
CE
mo
N,
fL

LJ

H
!--(f
Jf
E
f
L.t

I

(,
È
I

LDB GRHNTTE COMPRESSIVE STRENGTH

6¡
fD

STRENGTH 
S

Figure 6: Weibull plot - Uniaxial
strength distribution oÍ

s¡t, CI
G¡
tu

-r-
I

I

I

-T
I

I

I

-f-
I

I

I

-f-
I

I

I-r-
I

I

I-r
I

I

I-r-
I

I

I

-T
I

I

I-r
I

I

I-r-
I

I

e
o¡

o
N
N

6¡
fÐ
ßl

MPa

ins tantarteous
Lac du Bonnet

6¡ç
ru

st
vl
N

6¡
to
nl

compress]-ve
granite (N = 70).

G¡
N
(u



'-T
f

I

I

I

I

I

I_T

I

I

I

I

I

I

I_T

I

I

I

I

I

I

I

-T
I

I

I

I

I

I

I_T
I

I

I

I

I

I

I

st
f\

BEEBE FNORTHOSTTE

I

I

I

I

I

I

I'-T
I

I

I

I

I

I

I_T
I

I

I

I

I

I

I_T
I

I

I

I

I

I_t
,/4

I

I

I

I

I

s¡
(f,

ESI

I

I

I

I

I

I

I-r-
I

I

I

I

I

I

I-r-
I

I

I

I

I

I

I-r
I

I

I

I

'I
I

I-Í-
I

I

I

I

I
I

I

6¡
N

c

v
/

EPI

,/

V

d

MI

instantaneous compressive
Beebe anorthosite (N = 32).

a

7

ïot

or'

S

I

I

I

I

I

I

I

I
I

I

I

I

I

I

I
E¡
i8-

s

6¡
to

PlPa

l.er

TRENG

!--
H
J
H
m(f
mo
v.
fL

t¡J

H
!--(r
J
:l
E
f
(J

Vùeibul1 plot - Uniaxial
strength distribution of

R

I

(,
L¡

I

ø"ø

Figrure



l.Et

t--
H
J
H
m(f
mo
v.
fL

L¡J

H
¡--
(E
J
f
E
f(J

I

(,
Oì

I

TYNDFLL LTMESTONE

"4

tltl
tttt

?

ø.Ø

Figure B:

--T- T------l
ltt
ttl

ltl
ltr

COMPRESSTVE STRENGTH, MPA
I{eibult plot - uniaxiar instantaneous compressivestrensth disrribution of Tyndarr rimesi;;ã- r ñ"= 

" 
äe I .

tfi
(¡,

6t
f\

tl
N

6¡
G'

u)
@

s¡
o'



gg¡

54

4B

4?

36

3ø

24

t8

x?

(J
z
t-d
fo
t¡Ja
tr-

t¡J

H
!--
G
J
l¡J
w.

t--z
LJ
(J
v.
l¡J
fL

I

(¡){
I

LDB GRFINITE SF TEST nT t 66 Mpa

Figure 9: Histogram of time to failuregrani_te at a constant load of

o
6¡
@

TIME TO FBILURE (ksec)

6t
6¡
(o

distribution of Lac du Bonnet
166 MPa (N = 40).

G'
6ts
n,



--l
I

I

I

I

I

I

I

--1
I
I

I

I

I

I

I

--1
I

I

I

I

I

I
I

--l
I

I

I

I

I

I

I

--l
I

I

I

I

I

I

J
6¡
E¡
6t
6¡
s¡
tft
&t

-l
I

I

I

I

I
I

-l
I

I

I

I
I

I

I

I
I
I

I
I

I

I

I-
I

I

I
I

I

I

I

I
I

I

I

I

I

I

-L
6t
6t
6¡
$¡
G¡
6¡
ß¡

TIME SERIES OF GRFìNITE n 166 Mpa
-'ì -

I

I
I

I
I
I

--t -
I

I

I

I

I
.t

I--l -
I
I

I

I

I

I

I-t -
I

I
I

I

I

I

I
-1 -

I

I

I

I

I

I

J-
6¡
s¡
G¡
G¡
G¡
EI

Tl

q
40
rh

-'l
I

I

I
I

I

I

I
I
I

I

I
I

I
I

-'ì
I
I

I

I

I

I
I

-1
I

I

I

I

I
I

Iì
I
I
I

I
I
Ij.

6¡
6t
6t
6'
6¡tt

sec

ure distribution of
constant load ofed curve !üas comput
ailure times.

eï

t "ø

!--
H
J
H
m(r
mou
fL

LJ

H
!--(r
Jf
E:l
(J

UO FFIL

Time to
¡ranite
)). The
ìe measu

f
t
f
ê

a

T

"4

TTME

Weibull ptot
Lac du Bonnet
166 MPa (N =
generated at

"?

ø"ø

I

UJ
æ

I

Figure 10:



56

trE

5.4

5,3

5,2

(ú
o-
Þ
a
U)
U)
tLJ
E
Ø

I

UJ
\o

I

4.9

HOUR

Ln (STRESS) - S.42 - O.O3O x Ln (TTF)

Ln (STRESS) - o.BS x EXp [-o.os x Ln (TTF)] + a.6o

Figure 1 1: Mean fairure time prot - Each point represents thearithmetic mean of nine time to faifurã test series.
The error bars indicate the 952 confidence limits.

LDB GRANITE

DAY

456789t0
Ln (MEAN TIME TO FRACTURE, s)

WEEK

250

230

2r0

t90

r70

(ú
0-
Þ
z
U)
U)
tU
ccþ
U)r50

r30



4.7

4.6

4"5

4"4

4"3

4"?

4" t

4.ø

3"3

ñ
J
LJ

l¡J
J
a
U'
l¡J
v.
t--

2
c
J

I

rÞ
O

I

GRFìNTTE STRTTC FRTTGUE CURVE
---r --l-- ----t ____ _*__l

ttl¡l

"l 
l¡t¡

": 
lll¡

----l -]----- r ¡ |

o _îo %X
d\-o

Figure 12=

l¡tt;
lltt;
ilrrr
rf,.ootgg

Ln ( TIME TO FFIILURE, sec )

Static fatigue curve of Lac du Bonnet granite fitted
to an exponential function (N = 138).



4"7

4.6

4"5

4"4

4.3

4"?

dg. t

4"Ø

3.9

ñ
J
l¡J

hJ
J
aa
t¿J.fr
¡-a

c
J

I

,Þ

I

HNORTHOSTTE STFITTC FNTIGUE CURVE
-.'l

I

I

I

I
-1

I

I

I

I
-1

I

I

I

¿\
I

I

I

I
-l

I

I

I

I

I
I

I

I

I
-'t

I

I

I

I-l
I

I

I

t-
FT

o
o
o

t
o

\

o

o

h{
o

o

-t
I

I

I

I

-l
I

I

I

I

--l
I

I

I

I

--1
¡

Iol
I

Ol

oì

ol
ç

- -'t

I

I

I

I

-l

o
o

Ln ( TI¡TE

Figure 13: Static fatigue
an exponentíal

-'l

I

I

I

I
--t

I

I

I

I

I
I

I

I

I
-''l

I

I

I

I
-1

I

I

I

I
-l

I

I

{
I

-l
I

I

I

I
-'l

I

I

I

l-
n¡

TO FRILURE, sec )

curve of Beebe anorthosite fitted tofunction (N = 64).



4.7

4"6

4.5

4"4

d0"3

4.e

4"t

4"Ø

3"9

ñ
J
l¡J

IJ
J
oa
UJ
É.
]-
(.r)

J

I

'ÞNJ

I

LTMESTONE STFTIC FRTIGUE CURVE
-1

I

I

I

I-l
I

I

I

I
-1

I

I

I

I
-1

I

I

I
-1

I

I

I

I
-1

I

I

I

I-]
I

I

I

I
-l

I

I

I

L
(q

o

æ

---ø

o

-c o

--t

I

I

I

I
-1

I

I

I

I
-1

I

I

I

I
-t

I

I

I

I
-'l

ol
I

I

\å-1
I

I

I

I
-.ì

I

I

I

I
-'l

I

I

I

J
gt

Figure 1 4z

o

q
¡ t

Ln (TIME TO FFIILURE, sec)
Static fatigue curve of Tyndall limestone fitted
to an exponential function (N = 63).

ol

=
o

<_

Ë(

I
I

I

I

I
-l

I

I

I

I
-l

I

I

I

I.]
I

I

I

I
-l

I

I

I

I

I
I

I

I

I
-l

I

I

I

I
-'t

I

I

I

J
U)



-l
I

I

I

I

-t
I

I

I

I

I
I

I

I

I

I
I

I

I

I
-l

I

I

I

I
-1

I

I

I

I

I
I

I

I

I
-1

I

I

I

J
tjl

0n

UNTVERSFIL STFTTC FHTIGUE CURVE
-t-

I

I

I

I-t-
I

I

I

I-t-
I

I

I

I
'f-

I

I

I
I.F

fl
I

I

IL
+-

I

I

I

T'
I

I

I

I

T'
I

I

I

J-
q
n¡

F

{

*oo

-T
I

I

I

I

-r
I

I

I

I-r-
I

I

I

I_T
I

I

I

I-r-
I+

-*þ
I

I

I

I

i_
ñ-¡\
oÈ+
_t_

OT
+ó

ts€-ô rt-
-+ +-

o+

T

I

I

I

I

-rT
I

-s
I

-l-
I

I

I

I
-T

I

I

I

I'l

nl

E

+

¿Ë
o+

s$
+r

o ++

-t-
I

I

I

I

-t-
I

I
I

I

-t-
I

I

I

I

-t-
Ijr

\
lf

-lr-
I

l+
I

I

-t-
I

I

I

I

-l

c6

o_

s

curve of all data (N = 265):

T

**-

)

a"-
+

o

\
-oJ
+

+

.r-
I

I

I

I.T
I

I

I

I
lft

FÏLUR

6

+ o+
+

+

*

5

-t-
I

I

I

I

-t-
I

I

I

I
õ¡

TO

ñ
J
tJ

l¡J
J
aa
l¿Jv
t--a

c
J

Figure 1 5: Universaf static fatigue
+ Lac du Bonnet granite
o Beebe anorthosite* Tyndall limestone

R4E5% STN T

3d0

(7Ln

¿Ð

ø4

s¡

6t

I

rÞ(,
I



4.70

460

èe

J
LU

IU

Ø.u)
LU
cr

Ø

I

Þ
È
I

4.50

IMIN

4,40

+
\+

Ln (SL) - O.5B x Exp[-o.oo+ x Ln (TTF)] + 3.s6

4.30

+
\
+

4,20

+

I HOUR

++

4. tooL

LOAD: 1SS - 1BB Mpa

++
+

++

I DAY

+
+

+++N+-
+

+
++

Figure 16:

I WEEK I MONTH

+
.++\

h_\++
+
+

+
.{+

+
+x++ \,

+

4

Ln (TIME TO FA|LURE, s)

Static fatigue curves ( linearto the lower stress range of(N = Bo).

+

68

+

+

r00 %

+

+

90%

+{+++t

t0

B0%

IJJ

LrJ

Ø
Ø
IU
E
Ø

\--*-

t2

+

and exponential ) fitted
Lac du Bonnet qranite

70%

65%

t4



APPENDIX

TABLES

45



Tabl-e 1: UNIAXIAL COMPRESSTVE STRENGTH OF LAC DU BONNET
GRANITE

RANK STRENGTH (BaPa) RANK STRENGTH (þIPa) RÀNK STRENGTH (MPa)

1

2

3

^

5

6

1

B

9

10

11

12

13

14

15

16

11

1B

19

20

21

22

23

24

25

WEIBULL

ttt

.c,nkv =

195

195

200

201

201

204

209*
210

21 1*

211

211

211

211

21 2*
212

213

214

21 5*
215

217

217

21 g*

219

219

219

226 MPa

14.23 MPa

CONSTANTS

i8.33
-99 . 89

x

WEIBULL

m=
gnkV =

46

26

2l
2B

29

30

31

32

33
1AJT

35

36

3l
3B

39

40

41

42

43

44

45

46

4/

4B

49

50

219

221 *

221

222*
222

224*
224

227

228*
228

229

229

229

230*
230

232

234

234

236*
236

236

231

237

231

231

231

237

238*
238

238

239

239

241 *

241

241

242

243

243

243

246*

246

247

247

248

¿48

5i
52

53

54

55

56

57

5B

59

60

61

62

63

64

65

66

67

6B

69

70

N-14

225 MPa

11 .7 B MPa (5 .242)

CONSTANTS

19.38

-1 05 .44

Test resul-ts f or lrJ = 14 strenqth distribution.
70

X

(6.292)



Table 2z UNIAXIAL COMPRESSIVE STRENGTH OF BEEBE ANORTHOSITE

RÃNK STRENGTH (MPa)

1

2

3

A

5

6

7

B

9

10
'l 

1

12

13

14

15

16

11

1B

19

20

21

22

23

24

25

26

27

2B

29

30

31

32

124

126

130

130

13i
132

133

134

136

138

138

140

142

142

143

144

144

145

146

147

149

150

151

152

152

153

154

156

156

157

158

1sB

5-

I^lEIBULL

m=
tnkV =

32

1 43 MPa

9.97 MPa

CONSTANTS

12 .60

-62 . BB

( 6.95u )

N

-x

47



Table 3: UNTAXIAL COMPRESSIVE STRENGTH OF TYNDALL LIMESTONE

RANK STRENGTH (MPa)

1

2

l
J

4

5

6

1

B

9

10

11

12

13

14

15

16

17

1B

19

20

21

22

23

24

25

26

27

2B

WETBULL

m

tnkV

61

67

6l
70

70

11

73

l4
' 74

75

76

76

76

76

77

77

78

7B

7B

7B

79

79

BO

B2

B2

B3

B3

B5

=28
= 76 MPa

= 5.46 MPa

CONSTANTS

= i5.1i
= -65.93

4B

N

;
S (7.192\



TabIe

2i5 MPa

207 MPa

4 Z LAC DU BONNET GRANITE (TT¡,T¡ TO FAILURE )

RANK TTF (SEC) STNNSS LEVEL (B)

1

2

J

4

5

6

7

B

9

10

11

12

i3
14

RANK

X

X

B

10

17

22

2B

33

39

46

50

74

227

296

110

107

104

102

9B

96

96

95

94

93

93

93

91

BB

x premature failure

TTF (SNC) STNNSS LEVEL (ã)

1

2

3

4

5

6

7

B

9

10

11

12

13

14

X

X

B

10

17

22

2B

33

39

46

50

l4
227

296

99

9B

9B

97

95

94

94

93

91

90

B7

B1

B6

B4

x premature fail_ure

-49 ( continued )



Table 4z

1 99 MPa

1 BB MPa

LAC DU BONNET GRANTTE (TrME To FATLURE) (continued)

RÃNK TTF (SNC) STNESS LEVEL (8)

1

¿

3

4

5

6

7

B

9

10

11

12

13

14

'!¿

X

X

X

x

2

3

5

10

15

19

24

72

102

99

96

95

90

B9

B9

BB

B]

B7

B7

86

B4

B2

x - premature failure

RANK TTF (SEC) STRESS LEVEL (T)

1

2

)
J

4

5

6

7

B

9

10

11

12

13

14

X

X

3

5

19

4B

50

52

60

62

165

200

1 440

2t )o

90

B9

BB

B7

B6

B5

B5

B4

B2

B1

79

79

7B

t7

x premature failure

50
( continued )



Table 4z

177 MPa

1 66 MPa

LAC DU

RANK

BONNET GRANITE

TTF (SEC)

(TIME TO FAILURE) (conrinued)

STRESS LEVEL (8)

1

2

3

/1

5

6

7

B

9

'l 0

11

12

13

14

X

7

116

i 90

660

730

960

1 220

21 30

27 B0

7340

9620

26420

90000

B5

B4

B3

B2

B1

BO

BO

7B

77

71

77

76

75

72

x premature fail-ure

RANK TTF (SEC) STRESS LEVEL (E)

1

2

3

4

5

6

7

B

9

10

11

12

13

14

i5
16

B

'10

50

65

107

250

300

370

9i0
990

1650

5400

7380

9600

15400

34320

5i

B7

B4

B2

BO

19

7B

78

7'7

76

76

15

75

75

74

74

74

( continued )



Table 4z LAC DU BONNET

166 MPa (continued)

GRANITE (TIME TO FATLURE) (continued)

RANK TTF (SeC) SrnnSS LEVEL (B)

17

1B

19

20

21

22

23

24

25

26

21

2B

29

30

31

32

33

34

35

36

37

3B

39

40

40980

45900

46560

487 20

57600

587 20

60300

61380

66360

71BBO

74BBO

99250

105360

i 16000

i 30980

203400

37 4220

5281 20

60s760

917280
10s0060

1 406640

i 46BBoo

2332800

73

13

73

72

72

72

71

71

71

71

70

70

70

69

69

69

69

6B

6B

6B

67

67

66

65

-52



Table 4z

1 60 MPa

1 55 MPa

LAC DU BONNET GRAN]TE (TIME TO FAfLURE) (continued)

RI\NK TTF ( SNC ) STRNSS LEVEL ( 3 )

1

2

?J

Â

5

6

7

8

9

10

11

12

13

14

10

50

10s

310

460

1530

4320

1 1700

16500

68400

BB2OO

108000

1 7 8200

1504000

B2

BO

77

16

73

72

71

70

10

l0
10

69

68

66

RANK TTF (SEC) STRESS LEVEL (8)

1

2

3

4

5

6

7

B

9

10

11

12

13

14

6420

6540

8700

9660

12540

46080

60240

B47BO

108000

134100

2381 40

2667 60

Bl 1 200
*

79

71

75

74

70

70

69

6B

6B

67

67

67

65

63

45 daysdid not fail in

trf
JJ



115 MPa

111 MPa

Table 5: BEEBE ANORTHOSITE (TIME To FATLURE)

RÃNK TTF (SEC) STRESS LEVEL (B)

1

a
L

3

4

5

6

7

B

9

10

11

12

i3
14

1

2

2

3

5

6

10

14

20

29

33

3l
282

326

109

9B

95

91

B9

B7

B6

B4

B2

B1

BO

77

77

74

R-ANK TTF (SEC) STRESS LEVEL (E)

1

2

3

4

5

6

7

B

9

10

11

12

13

14

X

x
2

3

3

4

6

10

26

47

55

116

125

134

108

9B

B9

B7

B6

B3

B1

19

7B

7B

77

7l
76

70

premature fail_ure
54

( continued )



Table 5:

1 05 MPa

95 MPa

BEEBE ANORTHOSITE (TIME TO FAILURE) (continued)

R.ANK TTF (SCC) STNNSS LEVEL (8)

1

2

3

A

5

6

l
B

9

10

11

12

13

14

X

6

B

10

11

23

30

3B

46

235

273

337

17 07

1 920

102

90

B6

B3

B1

79

7B

7l
76

14

73

71

69

61

x - premature failure

RÀNK TTF (SEC) STNNSS LEVEL (E)

1

2

?J

4

5

6

7

B

9

10

11

12

13

14

15

1

3

6

20

30
Ê.4

140

171

17 4

204

211

211

290

412

420

93

B8

B2

B1

79

71

75

74

73

72

72

71

69

6B

6B

EE
( continued )



Tab1e 5:

95 MPa

BEEBE ANORTHOSTTE (TIME TO FAILURE) (CONIiNUCd)

R.ANK TTF ( SEC) STRESS LEVEL (E)

16

17

1B

19

20

21

22

23

24

25

1 326

1380

2345
11271

21 801

3iBBB

35242

44802
77 653

1 987 90

67

67

67

66

65

65

63

63

61

60

56



Table 6: TYNDALL LIMESTONE (TIME TO FAILURE)

RANK TTF (SEC) STRESS LEVEL (B)

51 (MPa)

50 MPa

1

2

3

4

5

6

7

B

9

10

11

12

13

14

32

36

56

63

B6

149

415

s60

1360

157 0

4230

6920

13210

I 2030

85

B5

B1

B1

7B

77

11

75

14

73

73

71

69

67

RANK TTF (SEC) STRESS LEVEL (å)

1

2

3

4

5

6

7

B

9

i0
11

12

13

14

i5

1

2

7

12

14

35

240

339

360

1860

2460

21 61

3242

5222

5760

-51

B2

79

77

15

74

73

72

11

71

70

70

69

69

6B

6B

( continued )



Table 6z

50 MPa

TYNDALL LIMESTONE (TIME TO FAILURE) (continued)

RÀNK TTF (SEC) STRESS LEVEL (ã)

16

17

1B

19

20

21

22

23

24

25

26

27

2B

29

30

31

32

33

34

35

JO

37

3B

39

40

41

42

43

44

45

46

47

4B

49

65 40

7 320

8400

9600

1 2600

12780

14161

1 5241

17041

22500
24840

27 000

29640

299 40

34382
38940

77401

B11BO

81780

83401

9 4260

113401

i 17000

1 68240

22200 1

23s200
261960
262500

27 37 B0

41 6520

444300

B 13600

916s00

2571 600

6B

67

61

61

67

66

66

66

65

65

65

65

65

64

64

64

64

64

63

OJ

63

63

62

62

62

61

61

61

61

60

60

s9

59

5B

- 58



Table 7 z

Rock Type

LDB granite
Anorthosite
Limestone

MEAN INSTANTANEOUS COMPRESSIVE STRENGTH

Standard Deviation

14.23 MPa (6 .292)
9.91 MPa ( 6.9s? )

5.46 MPa (l .192)

T

70

32

2B

Mean (C ) tutpa

226

143

76

59



Table B: MEAN FAfLURE TIMES

Granite

Anorthosite

Lrmestone

x (sec)

60.9
64 .6
11.1

312.7
10,i60

251 ,219
141,610
410,083

x (sec)

55.0
38. 1

33i.8
17,154

x (sec)

7,194.1
154,568.7

q

88.46
91 .26
19.12

67 6 .48
24,045.33

504,229.69
396,132.29

1 ,026,272.22

e

106.53
50.25

638 .97
42,362.12

c

i9,032.12
402 ,1 01 .7 3

Load

215

207

199

i BB

111

166

160

155

Load

115

111

10s

95

Load

57

50

- 60



Table 9: STATIC FATIGUE CURVE CONSTANTS

GRANITE

LIMESTONE

LOAD (MPa) SLOPE (m) y-INTERCEPT ,2

215

207

199

1BB

177

170

166

160

155

-0.0382
-0.0319
-0.0300
-0 "0217
-0.0189
-0 "0264
-0.01 91

-0"017i
-0.03s7

4 .69
4 .62
4 .51

4.51

4.50
4.50
4 .41
4 .39
4 .63

O. BB

0 .97
0.96
0.92
0 .92
0.95
0 .91
0.95
0.87

ANORTHOSITE

LOAD (MPa) SLOPE (m) y-INTERCEPT ,2

115

111

105

95

4 .60
4.54
4.54
4 .41

0. B7

0 .82
0.91
0 -'92

-0.0564
-0.0532
-0.046'l
-0.0323

LOAD (MPa) SLOPE (m) y-INTERCEPT .2

57

50

-0.0288
-0 - 0220

4.51 0.95
4.39 0.97

-61


