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SUMMARY 

Three rock types, a granite, a sandstone and a marble were tested 

in uniaxial compression to asse:s the time dependent properties of brit- 

tle rocks at stress levels exceeding half the uniaxial compressive 

strength. Specimens were studied in quasi-static tests and in creep and 

differential creep experiments at room temperature (76 F). The effect 

of time on the behavior of brittle rocks was qualitatively demonstrated 

in quasi-static experiments in the range of strain rates from 0(10' ) 

sec" to 0(10 ) sec . Mathematical descriptions of time dependent 

deformations were derived from creep and differential creep tests. The 

following relationships were developed between stress and the strain 

parallel to the applied compression. 

Westerly granite: 

^= 1.33 x lO-20 e1"" e * ^+ 7.17 x lO-20 e21'6^*   (1) 
dt 

Nugget sandstone: 

| . 2.11 x 10-25 .'"" e19'8^* + 1.339 x IQ'
20 e27,2"* <"' 

Tennessee marble: 

e, = 10Clogt (lii) 

n and a* are experimentally determined constants. C denotes an unde- 

termined function of stress. 

Time dependent deformation in granite and sandstone is strongly 

enhanced by a change of the pore water pressure from 0.1 pis to 12.3 psi. 

The results suggest that the effect of pore water pressure on the time 

vi 
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dependent deformation cart be modeled by a differential equation of the 

form 

8-StÜ £     Ml   iJ. „(1  +H(P))2- 

G(P) and H(P) are functions of the pore water pressure, P. Although 

Equations (i), (ii), and (iv) only describe the relationship between 

stress and the most compressive principal strain in uniaxial compression 

they are more general than most exl t'ng "creep laws." In principle 

they are valid under both constant and time varying stress conditions. 

Cursory statistical data analyses indicate that alternative descriptions 

of the time dependent behavior of rock may be developed. As more data 

are obtained, therefore, other constitutive equations might be proposed 

which are mathematically simpler and more suitable for use in design 

calculations. 

Time dependent rock failure is of little importance in Tennessee 

marble but may pose hazards in Westerly granite and Nugget sandstone. 

The long term strengths of granite and sandstone are considerably lower 

than their quasi-static compressive strengths which are commonly measured 

on air-dried samples at a strain rate of approximatley 10"5 sec"1. 

Id  predict the time dependent strength of brittle rock a new and 

convenient approach was developed which combines the data of short-term 

creep experiments with the results of controlled quasi-static-tests. 

Satisfactory agreement was obtained between the predicted and measured 

failure times at different stress levels. 

In general, a strong correlation was observed between the reduction 

of rock strength and the tendency of rock to undergo appreciable time 

vli 
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dependent deformations on one hand and the characteristics of the complete 

quasi-static stress strain curves on the other. It appears that time 

dependent deformation and failure are significant phenomena in class II 

rocks, i.e. rocks which exhibit an "unstable" failure behavior once their 

peak load bearing ability has been reached. 

viii 
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INTRODUCTION 

Knowledge about the time-dependent mechanical properties of rock 

subjected to constant stress has long been considered vital for the 

interpretation of numerous geological phenomena.    More recently time- 

dependent rock properties have also been studied extensively to predict 

rock deformation and rock strength under dynamic loading conditions. 

Surprisingly, however, to date little consideration has been given to 

the possible consequences of time-dependent rock behavior in the large 

class of engineering problems which deal with the construction and 

long-term stability of structures in and on rock.    It is difficult to 

understand this neglect of an area which in 1971 was given primary 

importance by a special commission of the International Society for 

Rock Mechanics.    Most likely the time-dependent properties of rock 

have not been included in engineering design for three reasons: 

1. Time-dependent rock deformations measured under constant 

stress conditions in the laboratory are seemingly small, i.e. 

negligible by comparison with the instantaneous or elastic 

rock response. 

2. It is difficult   to distinguish time-dependent rock deform- 

ations in situ from ground motions which are due to "external" 

changes, i.e.    changes which are unrelated to the material 

properties.    As a result it is difficult to recognize the 

importance of time dependent effects. 

3. Presently available descriptions of time-dependent rock 

properties are fragmentary and too inadequate to be used in 



design calculations.    In addition, field monitoring 

programs and laboratory experimentation which are 

needed to furnish such descriotions are complex, 

time consuming and costly. 

While the long-term stability of many unlined underground openings 

suggests that time-dependent rock behavior has no practical consequences, 

there are also an impressive number of examples where time-dependent 

effects are or may be appreciable.    In several instances, tunnelling 

contractors and mine operators have observed that rock surrounding 

underground openings "squeezes" and exhibits signs of extensive time- 

dependent fracturing.    Both phenomena were reported to occur in a Utah 

mine during an extended shut-down period.    After three months several 

mine drifts had closed to half or less of the original cross-sectional 

area during a time when the mine geometry and, therefore, the stress 

field induced by mining h?d remained unchanged.    In some cases time- 

dependent rock deformation can be arrested by rapid installation of 

artificial supports; in others time-dependent changes continue even in 

the presence of supports.    Because supports have to counteract the time- 

dependent effects, support loads are increased until the support resist- 

ance is exceeded, rock flow occurs, and extensive rehabilitation work 

becomes necessary. 

The research which is described here represents a first systematic 

attempt to assess the importance of time-dependent rock behavior in the 

design of structures in rock and rock masses.    Specifically, the study 

was designed to: 
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1. determine under what condition time-dependent rock 

deformation may be significant; 

2. develop procedures to determine constitutive relations 

which define strain as a function of stress state, time, 

and other important variables; 

3. evaluate the conditions and predictability of time- 

dependent rock failure; 

4. attempt to assess time-dependent changes in the rock 

fabric and whether such changes can be used to predict 

impending time-dependent rock failure in situ. 

To achieve these objectives, three rock types, c granite, a 

sandstone, and a marble, were tested in uniaxial compression. Specimens 

were studied in quasi-static tests and in creep and differential creep 

experiments. 

A review of past work concerning the time-dependent mechanical 

properties of rock is given first. It is followed by a discussion of 

some pertinent points concerning the development of time dependent con- 

stitutive equations and failure theories for rock. Then the experimental 

details are presented and, finally, all experimental results are described, 

analyzed, and their practical implications evaluated. 

LITERATURE REVIEW 

Most of all published data on time-dependent rock properties 

pertains to aid is restricted to rock behavior under conditions of 

constant stress, temperature, and pore water pressure and before rock 

failure takes place. Hence, most of the available information on time- 
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dependent rock properties neither suffices to describe the response 

of rock where stress, temperature, and pore water pressure are not fixed 

nor can it be used to predict how rock strength may change with time.    In 

spite of these limitations, important clues may be derived from the large 

body of existing data particularly when it is compared and combined with 

similar but more extensive observations on metals and other materials. 

When rock is subjected to constant utrasi which is suddenly 

applied at time zero, its response may be divided into four broad 

regions (1 - 16).    First, an instantaneous strain is observed which 

consists of an elastic, i.e.    recoverable, and an inelastic or permanent 

strain component.    In addition, strain develops with time.    The rock is 

said to creep until, at sufficiently high stress, temperature, or pore 

water pressure, failure occurs.    Rock creep, which is the time- 

dependent strain of rock subjected to cortstant stress, follows a 

characteristic sequence of events which are commonly denoted primary, 

secondary, and tertiary creep or sometimes transient, steady-state, and 

accelerated creep.    During primary cneo strain develops rapidly but at 

a decelerating rate.    During secondary creep rock deforms at a constant 

rate until during tertiary creep the strain late increases and creep 

eventually terminates in failure.    Whether or not all three creep stages 

are observed depends primarily on the magnitude of the applied stress, 

the temperature, and the   pore water pressure.    For example, tertiary 

creep appears to be non-existent at low stresses (compared with the 

quasi-static rock strength) and low temperatures and pore water 

pressures.    In turn, all three creep states can generally be observed 

at high stress close to the "quasi-static" compressive strength. 

 ^    -■ 
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A set of typical creep curves of a limestone subjected to triaxial 

compression (^ > a2 = a3) is shown in Figure 1,   The strain in Figure 1 

denotes the strain parallel to the applied compression which is 

parallel to the axis of the rock cylinders commonly used in this type 

of experiments.   A few measurements, where both the axial and the 

lateral strain have been monitored in uniaxial compression, suggests 

that the lateral strains exhibit the same basic features of creep 

described above (8,13). 

In general, time-dependent strain of rock can also be divided into 

recoverable and permanent components.    The recoverable strain is 

observed when the load acting on the specimen is removed or reduced. 

Most measurements indicate that the recoverable strain component 

decreases with increasing stress and temperature. 

Known creep data on rock leaves no doubt that the time-dependent 

behavior of rock is strongly effected by temperature (9,13,17).    A 

rise in temperature at a given constant stress results in increased 

creep rates in all creep stages.    A relationship between time-dependent 

rock properties and water and pore water pressure is strongly suggested 

by several quasi-static uniaxial compression experiments where rocks of 

different moisture contents, i.e. different partial pore water pressures, 

were compared (18,19,20).    For example, the strength of basalt under 

high vacuum (low partial water pressure) increased by fifty per cent 

over its air-dried strength measured in fixed strain rate experiments. 

Similarly, the strength of quartzitic shale and quartTitic sandstone 

decreased markedly as the moisture content of the rocks was raised 

. 
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from eight percent to 100 percent.    The effect of pore water pressure 

on the time-dependent rock behavior was recently evaluated quanti- 

tatively in crack propagation and failure studies on quartz and fused 

qu.irtz in creep and differential creep experiments (21,22).    These 

as well as other tests suggest that the effect of water initiates a 

pressure-sensitive corrosion reaction at the tips of pre-existing 

cracks or cracks that have formed during the initial  loading process. 

Experiments on glass (23,24,25) suggest that this corrosion process 

is particularly strong in silicas.    This is not to i^y, however, 

that water and pore water pressure besides changing the stress state 

in rock may not alter the time-dependent behavior of, say, carbonaceous 

materials.    On the contrary, changes of rock strength and strain-to- 

failure in strain rate controlled tests under pore pressure (26,27) 

have shown that water and pore water pressure also influence the time- 

dependent behavior of limestone although the rate-controlling mechanisms 

probably are different. 

Very few experiments have been conducted to determine the effect 

of hydrostatic confinement on the time-dependent properties of rock 

(2,3,7,12,28).  Creep tests were conducted on Solenhofen limeston at 

differential stresses up 80,000 psi between 15,000 and 60,000 and 

at 150,000 psi  confining pressure.    In addition, constant strain rate 

tests were described for marble, Solenhofen limestone as well a:   for 
-8        -1 2 

sandstone and a gabbro at strain rates ranging from 10"   sec     to  lO 

sec"    in the broad temperature range from 250C to 800oC.    Overall  the 

amount of data that was generated in these tests is too small to arrive 
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at any meaningful conclusions. The majority of results appears to 

indicate, however, that creep and thus time effects in general are at 

least as pronounced in confining pressure tests as they are in uni- 

axial compression experiments if the stress difference between the 

greatest and least compression (differential stress o, - oJ exceeds 

one half the ultimate strength. The exact behavior of rock in any 

particular case undoubtedly is influenced by the governing deformation 

and failure mechanisms which are known to change with confining 

pressure even in very brittle rocks such as granite. 

Essentially no data exists on the time-dependent behavior of 

rock subjected to tension. Several beam bending and torsion experiments 

(4,5,29), however, suggest that the phenomenon is s'nilar in nature 

and no less prevalent than in compression. 

Numerous attempts have been made to describe the time dependent 

behavior of rock quantitatively. To achieve this end, all experimental 

data have been analyzed in one of the following three ways: 

1. It is assumed that, the time-dupendent behavior of rock Is 

linear* and can therefore be represented by linear viscoelastic models 

consisting of linear elastic (spring) and viscous (dashpot) elements. 

2. Time dependent behavior is interpreted in terms of "law«; 

which describe the observed phenomena of creep (for example) In 

terms of previously established quantities and laws of physics" (40). 

Physical theories of creep have been proposed on different levels: 

♦Linearity implies that the requirements of additivity (superposition) 
and scalar multiplication are satisfied. 
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on the atomic, microscopic and macroscopic scale using the concept 

of thermal activation energy that predicts a temperature dependence of 

the form e « e" ' . The activation energy AH is an experimentally 

determined quantity. For example, the activation energy has been 

interpreted as the energy required to initiate self diffusion or as 

the activation energy of a corrosion reaction. 

3. An empirical approach is chosen where curves are fitted to 

experimentally determined data. Although curve fitting may be con- 

sidered scientifically unsatisfactory in presenting a description of 

the mechanism, it is nevertheless the prevailing technique used 

to develop constitutive relation and the one that imposes the least 

number of restrictions on actual material behavior at a time when 

the number of mechanisms governing time-dependent effects are poorly 

understood. 

A small number of representative samples of the many time- 

dependent constitutive equations which have been proposed during 

the past two decades are listed here: 

e = Ao + A1 logt + A2 t (1) 

c ■ A + A, (1 - e"1^) + A,t 
\)  "3 (2) 

or 

«■re"klt w Ki 

G = A0 + A1 logt + A4«"
k2t + Agt'^* + Age'^ + A2t    (4) 
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e = A0 + A1 logt + A7t
k5 + A8t

k6 + A2t (5) 

e = A2e"
Q/RT sinh {§-•) (6) 

o 

kj through kg are experimentally determined constants. 

A0 in equations (1) through (5) denotes the instantant-ous rock response 

which is associated with any stress increment.    A2 is the rate of 

strain per unit of time during secondary creep.    The remaining terms 

in equations (1) to (4) define primary creep urier different loading 

conditions.    It is interesting to note that equation (4) defines the 

"axial" time dependent strain in uniaxial compression.   The "lateral" 

strain which was monitored simultaneously (8) was described by the 

equation 

e' = A^ + A^.logt + A2't (7) 

If A0 and A ' are taken to define both instantaneous recoverable 

elastic and irreversible responses, then all coefficients in the above 

equations are functions of stress.    Depending on which literature source 

is considered 

A.     « a 

or        A.    « a 

ea 

a oe 

sinh (2-) V 
Similarly, if temperature and pore water pressure are denoted T and 

P then 
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Ai • T 

T 
or   A. « e 

,-1/T 

r* 

Time dependent rock behavior was earlier characterized to comprise 

two discrote phenomena: time-dependent deformation without failure and 

time-deperdent fracture or loss of load bearing ability. The onset of 

time dependent rock failure always coincides with the beginning of 

tertiary creep. In general, very little is known about time dependent 

rock failure. In geological problems the possibility that time- 

dependent fracture might occur is considered very remote. The 

phenomenon has only recently received attention by geologists and 

geophysicists who are concerned about creep on faults and earthquake 

prediction. In engineering, on the other hand, time-dependent 

failure which includes the effect of strain rate on rock strength 

has been studied extensively under dynamic loading conditions (e.g.30). 

However, because the times involved and the strain rates ui>ed are 

very small, the data which was obtained In such experiments can hardly 

be extrapolated to the life time of a semi-permanent underground 

structure. While the amount of available information is inadequate 

to fully assess the possibility or predict the occurrence of time- 

dependent rock failure in general, it is sufficient to suggest that 

the phenomenon poses a hazard under some conditions. Beside- field 

observations in "squeezing" ground, there are numerous laboratory 

studies where rock strength was observed to decrease up to factors of 
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2 and 5 in brittle and ductile rocks respectively with variations in 

temperature, moisture content and strain rate in the range from 10 

sec"1 to 10'8sec'1. (17-20,23) 

The prevailing approach used in the interpretation of time- 

dependent rock failure data is derived from static fatigue analysis 

which were conducted on metals and glasses.  (24,30-32)   Accordingly, 

rock strength is measured in creep experiments and plotted versus time 

or the logarithm of time and extrapolated to infinite time.  (3,6,33) 

Typically, the strength drops rapidly with an increase of loading time 

and approaches an asymptotic value.    This asymptotic value was suggested 

to coincide with the stress level, oj,   which defines the typical 

inversion point, i.e., the beginning of dilatancy in all quasi-static 

stress-volumetric strain curves (33).   This argument is appealing because 

'he stress a^ marks the onset of micro-cracking in numerous studies 

(3.33-39).    However, tiie argument neglects the fact that the onset of dilatancy 

is temperature dependent and possibly also a function of pore water 

pressure.    A strength-time curve derived under any one set of conditions 

can therefore not be considered unique.    Care should also be exercised 

in the generalization of the concept of micro-cracking because it is 

not known whether it is the only mechanism which might lead to a loss 

of rock strength.    For example, at high confining pressure and temperature, 

rock creep is a^so associated with twin and translation gliding and 

with recrystallization which might influence the time dependent strength 

of rock.   Most Important, strength-failure time curve;; have only been 

measured in two instances in uniaxial compression experiments.    If the 

. 
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stress where dilatancy begins indeed defines the permanent rock strength, 

then the loss of strength with time may be greatly pronounced under 

confined conditions because of the smaller ratio o^/c^ where ac is the 

quasi-static compressive strength (generally determined at 0(10" ) sec." ) 

An alternative approach to the prediction of time dependent rock 

fracture was made in the proposal underlying this study. Here it was 

suggested that the time dependent strength of rock could be predicted by 

combining the results of creep and quasi-static compression experiments. 

This new approach will be discussed In more detail in subsequent sections 

of this report. 
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CONCEPTS AND SUGGESTIONS CONCERNING THE DESCRIPTION OF TIME-DEPENDENT 
RÜTk DEFORMATION AND FAlEÜRE 

The preceeding literature review stresses the phenomenon of creep 

because it is best suited to provide a basic understanding of time 

dependent rock behavior and because most of the available information 

on time-dependent rock properties was determined in creep experiments. 

It must now be emphasized, however, that creep tests under conditions 

of constant stress, temperature, and pore water pressure alone are not 

and cannot be the only source for a complete description of time-dependent 

effects under time varying conditions. To generate a general theory 

of time-dependent rock behavior, differential creep experiments must be 

carried out where stress, time, temperature and pore water pressure are 

applied in discrete increments to determine the effects of changes In 

particular variables. This important fact has not been considered by 

a large number of investigators, probably because both stress state 

and environmental parameters can be considered constant in Many geological 

problems. This latter assumption is clearly not valid in the majority 

of engineering applications. Here more general constitutive discriptions 

are needed. 

A brio^ Inspection of Equations 1 through 7 brings out an obvious 

dilemma. First of all, the different forms of the proposed constitutive 

equations suggest that time-dependent rock behavior is an extremely complex 

phenomenon because of the various mineralogical and textural features of 

different rock types and therefore, presumably because of the variefty of 

possible rate controlling mechanisms. Practically,all of the equations are 

non-linear. In all cases the descriptions of time-dependent behavior requires 



14 

separate considerations of primary and secondary creep which, contrary to 

metal behavior, are of the same order of magnitude.    In addition, comparison 

of equations (4) and (7) suggests that laws derived from measurements 

of one strain only, say parallel to the direction of loading in uni- 

axial compression, are not necessarily identical to the lateral strain- 

ti-ne or volumetric strain-time history even in initially homogeneous 

and isotropic rocks.    More important, perhaps is the fact that the 

complexity of most jf the proposed models poses difficulties in 

recognizing their generalized form where all three principal stresses 

are non-zero.    There is no obvious way by which an eroonential stress 

dependency or a stress dependency of the form sinh (£-) can be applied 

to describe time-dependent rock deformation under confined conditions, 

in tension or torsion.    Finally, most of the proposed constitutive 

equations were derived under very restricted conditions and cannot '^e 

assumed a priori to describe time-dependent effects where stress, 

temperature and pore water pressure are not constant.    For example, 

there is a fundamental difference between the models of equations 

(2) and (3), i.e., between a total and an incremental strain theory. 

This can be shown as follows:    For the sake of simplicity let 

« ■ F1  (o, T)  F2  (t)  - F1   (o, T) t (8) 

Equation (8) is analogous to equation (2 etc.) an alternative form of 

equation (8) would be 

^1= e = F1  (o, T) or c =   J F1  ( a, T) dt (9) 

Clearly, if at time zero a rock specimen were subjected to a constant 
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stress a-,, then the strain at time t, would be 

e1 ■ F^ (a, T) ^ 

according to both equations (8) and (9). However, if the test were 

repeated and if at time t1 the stress were suddenly changed by Aa 

from a^ to o9, then equation (8) would predict a change Ae due to the 

stress change ACT 

A e =  0 

neglecting the instantaneous rock response for the moment. But according 

to equation (9) 

A e = A F1 (a, T) ^ 

Which of the two formulations, equation (8) or (9) best describes 

actual rock behavior can only be determined by further experiments. 

The restrictiveness of all of the listed constitutive equations 

can be further demonstrated by the following argument. If two identical 

rock samples A and B were subjected to constant stress a, and o« 

respectively, then equations (1) through (7) predict the two creep 

curves shown in Figure 2. Now suppose that at time t, the stress 

acting on specimen A were suddenly changed to o«. Because time is 

contained explicitly in all equations, i.e., 

e = F1 (a, T) F2(t) = G1 (a, T, t) (10) 

or 

e = G2 (a, T, t) (11) 

equations (1) to (7) would predict that the creep curve for t > t, 

would be identical to the curve segment a-b shifted downward. At all 
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times the predicted strain rate iG determined by the prevailing values 

of stress and time. Actual data of this kind, however, indicates that 

the creep curve for t > t, is similar to the curve segment c-a 

shifted to the right. This implies that the actual creep rate is more 

realistically defined by the current values of stress and strain. A 

formulation of this kind may be obtained simply by eliminating time in 

equation (11) using equation (10) such that 

i  = G3 (a, T, e) (12) 

A constitutive description which employs the strain hardening model of 

equation (12) has been applied successfully to metals (30,31) and has 

been proposed recently for a marble and a sandstone (16). 

It is well known that the time-dependent properties of rock as 

determined in creep, relaxation or constant strain rate experiments are 

surprisingly similar to the properties of metals (40-42), glasses, 

plastics, (43), rubber, asphalt and other materials (44). This 

similarity in behavior does not indicate that the governing mechanisms 

are the same in all of these materials. However, it does show that they 

all undergo a similar sequence of rate controlling, thermally activated 

changes (42)- It is therefore not only phenomenologically but also 

physically justified to apply techniques which were previously 

developed for the description, for example, of solid propellants or 

asphalt. No attempt will be made here to review viscoelastic theories 

which are summarized and discussed in several extensive publications 

(44-49).  Instead, only a few points shall be raised to amplify the 
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need to cross disciplinary lines more frequently than has been done 

in the past. 

Time-dependent rock behavior involves non-linear theories which 

pose severe difficulties in actual problem solutions.    However, as some 

results in the literature suggeit, it may be that a linear description 

of rock properties introduces only small and tolerable errors.    To 

estimate the errors that might arise in the description of non-linear 

behavior by means of linear models, methods can be employed which have 

been developed and discussed in the solid propellant literature (44). 

If such simplifications appear impermissible, other guides may be sought. 

For example, the form of the strain hardening model equation (12) 

indicates that time-dependent rock behavior might fall in the category 

of normal foding memory constitutive theory (44,49) and, therefore, 

might be modeled by an assemblage of non-linear springs and dashpots. 

Obviously the use of such a model would greatly facilitate the 

generalization of uniaxial creep and relaxation data.    Finally, the 

current formulation of time-dependent ..faterial properties is cuinbersome. 

Because all known results appear to suggest a form 

e ■ F1  (a, T. P)  F2 (t) (13) 

there is no reason why time-temperature (43,44) and time-pore water 

pressure superposition principles cannot be used and equation (13) 

be expressed in the form 

i-V (a.T0.Pe) F2'(ü 

where c denotes the so-called "reduced time".   T   and P   are referr-ce 
o o 

. -   :■-■  ät-x—■- ^J--. ■ 
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values of temperature and pore water pressure. The possibility of 

applying time-temperature and time-pore water pressure superposition is 

strongly suggested by recent experimental results on granite (50) and 

fused quartz (22). 

Time-dependent rock failure may well be as important as the 

development of time-dependent deformations. To evaluate the potential 

danger of time-dependent rock failure the classical prediction scheme 

(32,46) is both time consuming and costly because failure times must be 

determined directly as a function of stress and environmental conditions. 

A new and easier approach was pursued in this study using the creep 

properties and the complete quasi-static stress-strain curves of rock. 

The approach is based on the hypothesis that time dependent failure 

occurs when rock has been strained a critical amount. Moreover, it is 

assumed that the greatest allowable strain prior to failure under con- 

stant environmental conditions is only a function of the stress state 

and indPnpndent of the loading history. This means that the time 

dependent failure of rock can be predicted by comparing the time depend- 

ent deformations with the allowable strain. The time dependent strains 

can be calculated from suitable constitutive equations. The allowable 

strain in turn is provideu by complete quasi-static stress-strain curves. 

The method is advantageous in that it allows the possibility of time 

dependent failure to be assessed by means of routine quasi-stttlc experi- 

ments and by means of creep tests of relatively short duration. The 

approach of using creep and quasi-static stress-strain data to predict 

time dependent rock failure was first suggested from results of a series 

of pilot creep and relaxation experiments which are shown in Figure 3. 
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Although the test conditions were very restrictive, the concept is 

deemed reasonable in principle. Strain has been used previously as a 

measure for impending rock failure (51). Strain criteria have also 

proven valid for some elastomers subjected to tension (52). 

ROCK TYPES AND SPECIMENS 

Westerly granite, Nugget sandstone and Tennessee marble were chosen 

for this study. All three rock types have been tested extensively 

(53,54,39) in the past, and therefore, have well defined properties. 

Some pertinent properties are listed in Table 1. 

Rock 

Westerly granite 

Nugget sandstone 

Tennessee marble 

Grain Size 
(mm) 

0.75 

larger mode 
0.135 

smaller mode 
0.07 

2.3 

Porosity 
it) 
0.9 

7 

0.37 

Major Constituents 

microline, quartz and 
anonthosite in approxi- 
mately equal parts 

quartz 

calcite 

Table 1. Rock Properties 

The three rock types exhibit different types of failure behavior. 

Tennessee marble is known for its stable or class I (38) post-failure 

behavior which is associated with a gradual loss of load bearing 

ability in uniaxial compression. Westerly granite and Nugget sandstone 



üipnflldJIUlwnuL W.JUI^UH»« 

20 

or both characterized by an unstable or class I! (38,39) failure behavior. 

Failure in these rocks is inherently violent and leads to an instantaneous 

loss of strength in uniaxial compression once the peak stress has been 

reached. 

Cylindrical sample one inch in diametc^ by ajproximately 2.3 inches 

in length were used. All specimens of each rock type were drilled in one 

direction out of the same block. For Nugget sandstone, specifically, the 

bedding planes lay perpendicular to the sample axes. All specimen 

surfaces were ground prior to testing. The specimen ends were machined 

parallel to within 0.0002 inches. 

Both air-dried and water-saturated samples were tested. Air-dryness 

was achieved by exposing each specimen to room conditions at relatively 

constant humidity ratio, (0.0045 to 0.005) and temperature (760F). 

The humidity ratio was determined by measuring the wet- and dry-bulp 

temperatures. Water saturated samples were obtained in the following 

manner. Each sample was first evacuated in a vacuum chamber for one and 

one-half hours at 5 X 10"2 Torr (6.6 X lO^mb). Tap water was then injected 

into the chamber so as to submerge the specimen, and a 50 psi pressure was 

applied to insure that the water would penetrate the specimen interior. All 

water-saturated samples were subsequently stored in water-filled containers. 

During testing the water-saturated samples were contained in loosely 

fitting water-filled jackets which were sealed at the top and bottom 

loading platens of the testing machine. 
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LOADING APPARATUS AND INSTRUMENTATION 

Three loading apparatus were built for this study. All loading 

systems have identical design and are capable of generating both tensile 

and compressive forces, Each loading frame consists of a precision, 

double acting hydraulic cylinder, four tie rods, and crossheads designed 

to sustain 120 kip (Kiyure 4). Two of the hydraulic rams have capacities 

of 50 kip; the third one has a capacity of 89 kip at 3,000 psi pressure. 

If necessary, the capacities of the cylinders can be increased oy sixty 

per cent simply by changing the capacity of all pressure lines to 5,000 

psi. Accurage alignment of the loading frames is assured by carefully 

machined spacer tubes which fix the relative positions of the upper and 

lower machine cross-heads. A schematic of the three load.ng systems is 

shown in Figure 6. 

The displacement of and the force generated by the loading pistons 

o* the three hydraulic rams is controlled by regulating the hydraulic 

pressure in each cylinder. The hydraulic pressure n turn is generated 

optionally by means of a Sprague air pump or by meani oi a high-pressure 

gas accumulator. To limit the piston travel during tests which remain 

unattended over leng time spans, solenoid valves are placed between the 

pressure source ano each hydraulic cylinder. These solenoid valves are 

actuated and release the cylinder pressure when the piston travel has 

reached a predetermined amount. 

All loading apparatus were used for both quasi-static and for creep 

experiments. To maintain a constant force a high pressure gas accumulator 

was pressurized in serirs with each hydraulic cylinder for subsequent 

load control (Figure 6). As soon as the desired load (stress) value was 
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reached, the pressure source was isolated from the loading systems and 

the load was then held constant to within plus forty pounds by means of 

the gas accumulator. 

Force was measured either by means of load cells or with a 

2,500 psi preisure gage. Each load cell is instrumented with four F00 fi 

bounded foil strain gages which are connected externally into a four-arm 

Wheaston bridge circuit. The load cells were used exclusively to measure 

force in all quasi-static experiments. The pressure gage was employed to 

moi.itor the force in every long-term test. 

Strain measurements were limited to the measurement of axial sample 

strain parallel to the direction of loading. The axial strain was 

determined indirectly by measuring end-to-en' sample displacements. This 

method was chosen primarily because it eliminates errors due to micro- 

cracking if strain gages are bonded directly onto the rock surfaces. 

Indirect measurement of strain is imperative in wdter-saturated 

rock because both strain gages and bonding agents deteriorate rapidly 

under these conditions. End-to-end sample displacements were initially 

obtained by means of strain gage instrumented beryllium copper cantilever 

beams mounted at opposite sides of the sample diameter. Because of 

secondary creep problems in these transducers, the cantilevers were 

subsequently replaced by pairs of DCDT transducers as shown in Figure 4. 

Average displacement readings were ascertained by adding the outputs of 

each pair of transducers in a summing circuit. A schematic of the summing 

circuits which were specially built for this purpose is depicted in Figure 7. 

The accuracy of strain measurement with the latter system depends primarily 

on the quality of the line voltage regilation, the long-term stability of 

the transducers, DC power supplies, the summing amplifiers, and of the 
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recording equipment. Careful long-term calibration tests have shown that 

strains can be resolved to within 5 X 10  in short term creep tests 

(not exceeding five hours) and to within + 20 X 10'6 in long term 

experiments provided the test temperature (room temperature) does not 

vary by more than 10F as is usual in this laboratory. 

EXPERIMENTAL PROCEDURE AND DATA ACQUISITION 

All tests were conducted under uniaxial compression. Each specimen 

was loaded between two cylindrical steel spacers which had the same 

diameter as the rock samples. Quasi-static experiments were carried out 

at strain rates between 10" sec' and up to approximately 5 X 10  sec"1. 

Complete stress-strain curves were obtained using an incremental loading 

technique which was developed earlier and which is described in detail in 

the literature (38). In all creep tests the rock was deformed at a 

strain rate of approximately 10" sec" until the predetermined stress value 

was reached  From then on, the load was maintained constant. The 

relatively slow low strain rate during load application was selected 

deliberately to be able to compare the creep strain up to fracture 

(creep fracture) with results which were previously determined in quasi- 

static compression experiments. 

Creep strains in rock are small in comparison with the "instantaeous" 

rock response between zero stress and the stress level at which creep 

is observed. Therefore, to determine creep strain accurately, high 

resolution in all strain measurements is imperative. To obtain this high 

resolution while operating in a given range of the strip-chart recorder 

or of the digital data acquisition system in general, only five per cent 

of the strain during loading up the desired constant stress was monitored. 

This means that most of the strain during load appccation was suppressed 
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by applying a bucking voltage to the summing circuits, i.e. by continuous 

zero balancing of the DCDT outputs (Figure 7). For subsequent analysis, 

the "instantaneous" or initial strain between zero stress and the creep 

stress level was assumed to be identical to the average response of each 

rock type which was observed in earlier quasi-static tests. 

Differential creep tests were conducted in an analogous manner. 

After creep had proceeded at one stress level, the stress was suddenly 

raised to a second stress level and then held constant while the strain 

was monitored versus time. 

Force-Displacement data in quasi-static experiments were monitored 

continuously on an x-y recorder. All force displacement curves were 

subsequently converted into uniaxial strer.s-strain diagrams after subtraction 

of that portion of the displacement which was due to the deformation 

of the loading platens within the active gage length (Figure 4). Stress 

and strain were calculated using the original sample dimensions. Appreciable 

errors result after the specimen strength has dropped to 55% or 60% of 

its maximum value. Strain data from short-term creep experiments 

were plotted continuously versus time on a strip-chart recorder, 

or alternatively, strain readings were recorded wi!.h the digital 

data acquisition system (Figure 5), which was triggered manually at 

desired time intervals. In long-term experimcuLs, strain was 

monitored continuously in the primary creep stage. Once secondary creep 

Kid begun, all strain readings were taken intermittently at intervals 

between two minutes and sixty minutes by means of the digital data 

acquisition system. 
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To identify the details of failure in both quasi-static compression 

and in creep, several samples were deformed to points along the descending 

branch of the complete stress-strain curve and also to points along the 

creep curve up to impending fracture. Once the desired fracture state 

was reached, the specimens were unloaded, cast in expoxy, sectioned and 

polished. The polished sections were then viewed under the microscope. 

EXPERIMENTAL RESULTS 

Approximately 45 quasi-static and 150 creep and creep fracture 

experiments were conducted on Westerly granite. Nugget sandstone and 

Tennessee marble, "me experimental program was divided into three 

phases. During phase I, the quasi-static properties of aid-dried and 

water saturated rock samples wes determined at strain rates of approximately 
-5  -1     -3  -1 

10 sec  to 10 sec . During phase II, the time dependent behavior 

of all rocks were evaluated in creep and differential creep experiments 

as a function of stress and pore water pressure. The stress was varied 

in the range 0.5oc < o < a*, where ac denotes the quasi-static compressive 

strength of air-dried samples at 10"5 sec-1. The pore water pressure was 

varied indirectly by comparing air-dried and water saturated samples, i.e. 

by changing the partial pore water pressure between from 0.1 psi to 

12.3 psi. Phase III served to assess a possible and measureable relationship 

between time dependent rock deformation and damage of the rock fabric 

which develops with time. 

Quasi-Static Rock Properties 

Figures 8 to 10 show three sets of complete, quasi-static 

stress-strain curves which are representative of all the results. Typical 
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individual rather than "average" stress-strain curves are given and several 

curves have been entered where the observed behavior between tests 

exhibited considerable variations. The mean compressive strength for 

each rock is listed in the figures. A comparison of the stress-strain curves 

of air-dried and water-saturated samples indicates that the presence of 

water strongly effects the mechanical behavior of Westerly granite and 

Nugget sandstone while it has virtually no influence on the stress-strain 

characteristics of Tennessee marble. All three rocks are clearly effected 

by the strain rate. An increase of the strain rate does net only result 

in an increase of the rock strength but also raises the strain where 

failure occurs: all three rocks become "tougher". Both the ascending 

and descending branches of the complete stress-strain curves are altered. 

However, it is interesting to note that the general shape of the 

complete stress-strain curves and the nature of the failure behavior, 

class I or class II, i.e. "stable" or "unstable" behavior, remain 

unchanged. 

Time Dependent Deformations 

Seme difficulty arises in the presentation of the creep data which 

are most suitable for the derivation of time-dependent constitutive 

relations. For the sake of clarity, all data are givan exclusively 

in graphical form, 'ypical creep curves for water-saturated Westerly 

granity. Nugget sandstone, and Tennessee marble are depicted 

in Figures 11 through 15. The duration of these creep experiments 

which were carried out on granite and sandstone. 

Even a cursory inspection of Figures 11 through 16 brings out three 

important points. 
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1. The creep behavior of the three rocks appears to exhibit the 

well known stages of primary, secondary ind tertiary creep. 

2. Creep terminates in creep fracture even at relatively low 

stress levels. For example, the strength of water-saturated 

Nugget sandstone dropped to 19,000 psi after 1,200 hours 

compared with the quasi-static compressive strength of 33,400 

psi in the air-dried state. 

3. Both granite aod sandstone exhibit a strain-hardening rather 

than time-hardening behavior under varying stress, in fact, 

the instantaneous strain rate which is associated with an almost 

instantaneous change of stress is even greater than would 

be predicted by the simple strain hardening model which was 

discussed earlier (Equation 12). 

To develope a mathematical description of creep, f detailed analysis 

of all creep data was conducted. Cross plots of what appeared to be 

primary and secondary creep curves showed that the strains in Westerly 

granite and Nugget sandstone are proportional to tn during primary creep 

and to t during secondary creep where t denotes time. Specifically it 

was found that 

eT = 10
c tn (15) I 

11 err 10° (16) 

e, and e.j denote the strains during primary and secondary creep, 

respectively. C and C are functions of stress. Published results on 

creep or a variety of materials suggested that the creep strains might 
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be related to a power function or to an exponential function of stress. 

Because the specific relationship between creep and stress was masked 

by considerable experimental scatter, simple regression analyses were 

carried out to correlate the quantities C and C with the stress a as 

well as the logarithm of stress. Also, correlation factors were obtained 

to evaluate the possible dependency of the exponent n in equation 15 

and the stress. The results of this effort are given in Table 2. 

ZI c log a I Correlation factor. R 

Westerly granite 

X X 0.108 
X X 0.6942 
X 

X 

X 

X 
X 

X 

0.6885 
0.858 
0.825 

■L c | c- log o   Correlation factor, R. 

Nugget sandstone 

X X 0.323 
X X 0.413 
X X 0.426 

X X 0.627 
X X 0.64 

Table 2. Statistical Data Correlation 
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By and large the correlation factors are high enough to justify 

a fit of the observed creep data to any one of the suggested models. In 

particular it appeared permissible to assurre that the creep strains of 

Westerly granite and Nugget sandstone are proportional to e0, 
c   r'   a 

i.e. 10 « 10  « e . The exponent n in Equation 15 was taken to be 

independent of stress. 

To determine the stress dependency of creep exactly. Figures 16 to 

19 were prepared. The values of n in Figures 16 and 18 denote the 

slopes of all curves of log ej versus log t. The variable C is the 

primary creep strain which is reached one hour after load application. 

The linear fit of the data in Figures 17 and 19 defines the relationship 

between the rate of secondary creep, i^,  and stress. 

Figures 17 through 19 obviously exhibit a great deal of scatter which 

required many tests to be run in order to establ.-h trends with reasonable 

real lability. No adequate explanation can be offered for this scatter. 

Because of precise SDecin^n machining and because of the reproducibility 

of numerous long-term calibration tests, it is deemed highly unlikely 

that the results were effected by inadequate extraneous experimental 

conditions. 

As shown in detail in appendix, the data reduction rendered the 

following description of the time dependent strain which assumes the 

validity of the strain hardening model of Equation 12: 

Westerly granite } I      n ,4o 

| • i . 1.33 , 10-20 . " e    '* +,7.17 x IQ"20 e2'-^ (17) 

n = 0.392 

o* = 18,750 psi 

, -. .. • 
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Nugget sandstone , 
„ l-r 19.83o 9n 27.2o 

I = 2.11 x 10"" e n e   o* + 1.339 x 10"^ e  7*  (18) 

n = 0.29 

a* = 16,700 psi 

The differential Equations 17 and 18 relate the strain increments 

to the stress a = a(t) . If the stress is held constant, then Equations 

17 and 18 yield: 

Westerly granite 

e = 8.7 x 10"8 e4,49^* t0,392 + 7.17 * 10"20e21,67* t  (19) 

Nugget sandstone 

t  ■ 10"7 e5-75a* t0'29 + 1.339 x 10"20 e27-2o* t      (20) 

In the stress range, o* <_ o < 27,000, the creep strain in Westerly 

granite can also be represented by Equation 21: 

c = 5.02 x 10'5 x t0,392 + 1.339 x 10"20 e2/-2o* t    (21) 

Here primary creep is assumed to be stress independent. 

Neither equations 17, 18, 21 and Equations 19 and 20 include the 

effect of temperature and pore water pressure. In the light of published 

data (12, 13, 17), there is not doubt that an increase of temperature 

enhances creep.  Exactly how the dependent strain of granite and 

sandstone is related to temperature goes beyond the scope of this 

pilot study. Using the results of Figures 16 through 19, some clues 

may be derived concerning the influence of pore water pressure. Clearly, 
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lowering the partial pore water pressure from 12.3 psi to 0.1 psi 

is associated with substantial reductions of the creep rates during primary 

and secondary creep. For example, the decrease of the secondary creep 

rate ejj sec." in Westerly granite amounts to almost two orders of 

magnitude regardless of the level of the applied uniaxial compressive 

stress, In general, it appears from Figures 16 through 19 that the 

creep data for different partial pore water pressures render lines which 

are either displaced parallel to or rotated and displaced parallel to 

the straight lines which describe the creep of water saturated samples. 

Parallel displacements without rotation imply that the time dependent 

strains of granite and sandstone might obey an equation of the form: 

_ MLPJO  NG(P) i-i _nn+H(pn^ 
e = B e n  a* e na  e n + Aenu n[V))a*       (22) 

where G(P) and H(P) are unknown functions of the pore water pressure P 

which govern the creep during the primary and secondary creep stages, 

respectively. It is noteworthy that Equation 22 is in qualitative 

agreement with data which was recently published for fused quartz. It is 

also noteworthy that Equation 22 probably can be simplified by introducing 

a "reduced" stress or a "reduced" time which would eliminate the pore 

pressure P. Obviously, the influence of pore pressure ought to receive 

further attention because of the strong effects which were observed in 

this study. 

In constrast to granite and sandstone, creep in Tennessee marble 

was subordinate and resolvable only in the very narrow stress range 

0.85oc<a<pc. In addition, the effect of partial pore water pressure 
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was negligible. In general, the creep of marble appeared to lack 

the secondary creep stage even where time dependent deformations terminated 

in creep functure. Primary creep was approximated by an expression 

of the Form: 

«■j = 10Clogt (23) 

Because creep in marble at ambient temparture was considered insig 

no efforts were made to derive a more exact model than the one 

suggested by Equation 23. 

Tim: Dependent Failure 

The time dependency of rock strength was evaluated in quasi-static 

compression experiments and in creep -fracture tests at partial pore 

water pressures of 0.1 psi and 12.3 psi. Extreme variations in the 

strength of Westerly granite, Nugget sandstone, and Tennessee marble are 

listed in Table 3 as a function of test conditions. 
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Tests Rock Partial pore 
water pressure 

(psi) 

Strain rate 

(sec"1) 

Strength 

(psi) 

Quasi-static 
compression 

Westerly granite 0.1 0(10"4) 41,000 

Quasi-static 
compression 

Westerly granite 12.3 0(10'5) 33,200 

Creep Westerly granite 12.3 >jo-" 25,300 

Quasi-static 
compression 

Nugget sandstone 0.1 odo-3) 41,000 

Quasi-static 
compression 

Nugget sandstone 12.3 0(10'5) 33.400 

Creep Nugget sandstone 12.3 >io-10 19,000 

Quasi-static Tennessee marble 0.1 0(10'4) 17,000 
compression 

Quasi-static 
compression 

Tennessee marble 12.3 0(10'5) 15.500 

Creep Tennessee marble 12.3 >0(10"9) 13,600 

Table 3. Failure Times under Constant Uniaxial Compression 

The data in Table 3 clearly show tnat the strength of rock is not 

constant. Instead it may vary considerably depending on the prevailing 

test conditions,on time and on the rock type considered. To evaluate 

the time dependent strength of rock at low stress levels, even below 

the stresses applied in this study, direct determination of the strength 

in creep fracture experiments becomes extremely time consuming and costly. 

To avoid this difficulty more convenient predictions schemes are needed. 
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The classical approach (40 suggests that the long-term rock strength 

can be deternnned by correlating and extrapolating plots of the short- 

term rock strength versus time or of plots of the logarithm of strength 

versus the logarithm of time. This has been attempted in Figures 20 

and 21 using the data for water-saturated Westerly granite, Inspection 

of both figures immediately raises a question about their usefulness. 

Because of the large data scatter in Figure 20 (o is t) it can merely 

be concluded that the time-to-failure of granite increases rapidly 

with a decrease of stress. In turn, the curve which may be fit to 

the data in Figure 21 (logo vs. logt) is too complex to be extrapolated 

unambiguously. 

In the light of the results which we-e obtained in this investi- 

gation there might be an alternate approach to calculating long-term 

rock strength. The approach suggested itself from a comparison of 

the total creep strain e^ which a rock undergoes up to failure with 

the strain eq between the ascending and descending parts of the com- 

plete quasi-static stress-strain curve (Figure 8). The point is best 

illustrated by means of Figures 22 to 24 and Figure 8. For example, 

in Figure 22 the uniaxial compressive strength is plotted versus the 

strain c^ which was observed for water-saturated Westerly granite at 

the onset of fracture under constant uniaxial compression (triangular 

points). Figure 22 also shows a plot of the strain e  between the 

ascending and descending parts of the uniaxial stress strain curve for 

water-saturated granite. At any stress a-a' the strain ,  is propor- 

tional to the distance from point A to B in Figure 8. Clearly there is 

a strong correlation between the strains ec'and t   provided they are 
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measured under the same pore water pressures. Equally acceptable agree- 

ment was obtained between e ' and e  for Nugget sandstone and Tennessee c     q 

marble. Because of this agreement it appears that the failure time 

of the rock used can now be estimated in the following manner. First 

the time dependent strain e(o, t) is calculated by means of suitable 

constitutive relations. Then an estimate is obtained of the maximum 

strain e  which rock can undergo priu, to failure. Finally the 

failure time of the rock or the strength of rock for a prescribed 

time interval is ascertained by solving the equation 

:(o, t) t'ia) (24) 

To check the accuracy of the above scheme to predict the time dependent 

strength of rock, Equations (19), (20), and (21) and Flgyr« 22 and 23 

were used to compute the failure time of water saturated granite and sand- 

stone under constant uniaxial compression. Table 4 gives a comparison 

of the predicted data and of the failure times which were actually measured. 

Rock 
(Water-saturated) 

Westerly granite 

Nugget sandstone 

Stress 
(psi) 

31,000 

29,000 

25:000 

25,000 

20,000 

19,000 

Failure Time (hrj 
Predicted  Measurecf 

0.5 

10 

555 

0.05 

197 

1480 

0.8 

10 

542 

0.07 

150 (range 
90 to 300) 

1300 (range 
1250 - 1475) 

Table 4. Creep Fracture Times 
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The agreement between experimental and predicted data is quite 

satisfactory (see also Figure 20). At lower stress levels, the predicted 

failure times are somewhat larger than the actual failure times. This 

result is reasonable because the constitutive Equations (19), (20), and 

(21) do not account for accelerated creep which tends to shorten the 

time to failure. Also, a more careful inspection of Figures 22 to 24 

(and Figures 8 to 10) suggests that the maximum creep strain is 

really smaller than the predicted strain when failure takes place in 

long-term experiments. Hence, it is concluded that the solution of 

Equation 24 provides only an upper bound for the time dependent 

strength of rock. However, because the discrepancy between the actual 

and predicted failure times is small, i^ appears that this new approach 

to predict the time dependent strengt; of rock is promising. To 

establish the general usefulness of the approach, obviously further 

work is needed. First, the approach should be tested in confining 

pressure experiments. Such experiments would also determine to what 

extent the rock strength depends on time under more general loading 

conditions. Second, attempts should be made to fit the quasi-static 

stress-strain data to "master" curves in one or several coordinate 

systems which are defined by suitable transformations of the old variables 

stress and strain (or mean stress, volumetric strain, etc.), pore water 

pressure, temperature, and time. If such master curves exist, then 

the labor involved in determining the maximum allowable creep strain 

e ' (Equation 24) could be eliminate^ ard the accuracy of t     be improved. 

"*■■■" -<-"- 
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Fabric Changes 

A study of the fabric changes in rock subjected to constant or 

time varying stress is of considerable interest for two reasons. 

Fabric changes provide a physical justification for combining the 

results of creep and quasi-static compression experiments to predict 

the time dependent strength of rock. Also, if the fabric changes are 

distinct enough, then thev right aid the prediction of impending time 

dependent fracture of rock n situ. 

Fabric changes in brittle rock under quasi-static loading conditions 

have been described extensively in the literature (7,9,17,38,39). In 

medium and coarse grained rock subjected to high uniaxial compression, 

the predominant phenomena consist of micro-cracking parallel to the 

applied compression, spalling and terminal shear failure (38,39). In 

fine grained rock, such as diabase or Solenhcfen limestone, the fabric 

changes are much more subtle and, therefore, difficult to define. 

According to one school of thought, only minor fabric changes occur up 

to the uniaxial compressive strength which is ultimately controlled 

by discrete axial cleavage fracture (55). Another interpretation of 

experimental observations suggests that substantial micro-cracking 

develops already around 50% to 60% of the uniaxial compressive strength and 

that macroscopic failure is due to high angle faulting (37,39). The 

same observations indicate that micro-cracks in fine grained rocks 

favor orientations between 20° and 23° from the loading direction (39). 

Fabric changes in rock subjected to constant uniaxial compression appear 

- "■ —-•- -■■ -^-^■■^-'-.  '_.u uu.i 



38 

to differ considerably depending on the ra.,ge of stresses considered. 

However, above approximately half the quasi-static compresslve strength, 

creep always appears to be associated with micro-cracking which was 

observed both directly In microscopic analyses (39,56), and Indirectly 

by means of seismic techniques (14,36). Particularly, It was observed that 

the micro-crack patterns at the onset of macroscopic collapse were 

quite similar to the crack patterns which govern the descending branch 

of the complete stress-strain curve at the same stress level. This 

means that the fracture patterns in Westerly granite which determine 

its strength at, for example, point B in Figure 3 are very much alike 

regardless of the proceeding deformation history. It is this observation 

which suggested the development of a new approach to the prediction of 

time dependent rock strength. If micro-cracking is the controlling 

mechanism for creep and time dependent ror.k failure, hen it is reasonable 

to postulate a one-to-one correlation between the amojnt of strain and 

the micro-crack density at any time during creep. Hence It is logical 

to postulate that the likelihood of impending time dependent failure could 

be predicted in situ if the changes of the rock fabric with time could 

be monitored. These change- could be measured on field samples which 

are collected at appropriate time intervals. Alternatively, the fabric 

changes could be determined Indirectly by monitoring micro-seismic events 

or by in situ measurement of those rock properties which are sensitive 

to micro-crack density, for example accoustic velocity, resistivity, 

electrical conductivity, or permeability. Obviously, any one of these 
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approaches can be successful only 1f the micro-crack density is 

easily observable and if it produces substantial changes of other rock 

properties. 

Eighteen polished sections were viewed microscopically: 1) to 

confirm earlier observations concerning the similarity between quasi- 

statical ly and creep induced fracture patterns, and 2) to evaluate 

the intensity of micro-cracking during rock creep. Comparisons of micro- 

crack patterns were attempted at points A, B, and C along the stress- 

strain paths shown in Figure 3. The observations are most conclusive 

for Tennessee marble. Figure 25 gives two sketches. The crack patterns 

in Figure 25: (a) qualitatively charactm'ze the rock fabric after 

the rock was loaded to 14,000 psi and immediately unloaded again at the 

strain rate of approximately 10"5 sec.'1. The sketch in Figure 25: (b) 

qualitatively defines the crack patterns which were observed at the 

onset of creep fracture at the same stress. The crack configurations of 

Figure ?S: (b) are essentially identical to that found in another sample 

which was deformed through the quasi-static compressive strength 

to 14,000 ps^ along the descending branch of the complete stress-strain 

curve. Therefore, the evidence of Figure 25: (b) at least qualitatively 

substantiate earlier observations. It is hoped that quantitative 

comparisons o* .he three rock samples of Figure 25 can be made in the 

future by means of optical data processing techniques (57). 

The fabric changes in Westerly granite and Nugget sandstone could 

not be identified as readily as in marble because both rocks were very 
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finely grained. The grain size of the granite used in this study was 

considerably smaller than the grain size of Westerly granite which was 

tested in an earlier investigation (39). The macroscopic events of 

spalling and terminal shear failure in all controlled quasi-static 

experiments appeared to be identical to the events recorded for other 

brittle rocks (38,39). They also appeared to be very similar to the 

terminal macroscopic fracture configurations in Westerly granite subjected 

to constant stress. However, the possibility exists that they differ 

from the terminal fracture patterns which develop during creep in 

Nugget sandstone. Very distinct corlugate, inclined, linear features 

were observed on the free surfaces of several sandstone samples at stress 

levels below 22,000 psi. These features are well developed in the sample 

of Figure 26 and resemble the"slip 11ne"patterns in ductile metals, 

ductile rocks under high confining pressure but also in brittle, 

extremely fine grained reck such as diabase (39). Future .ork will have 

to determine whether these Inclined linear features are unique for creep 

in sandstone at relatively low stress levels or whether they are always 

present and only difficult to recognize. 

Little can be said about the microscopic features in granite and 

sandstone. The micro-crack density generally appeared to be highe** In 

deformed samples then In undefoi .  "standard" specimens. The majority of 

micro-cracks followed grain boundaries and were not preferentially aligned. 

Transgranular cracks occurred predominantly parallel to the applied com- 

pression, particularly in quartz grains. Overall, optical microscopy 

simply did not provide the resolution needed to determined and to com- 

pare the micro-crack patterns more definitely. 
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PRACTICAL CONSEQUENCES OF RESULTS 

The research which is described in this report was conceived to 

provide some new insight into the fundamental aspects of rock behavior 

but mainly to resolve two practically important question: 

1. How significant is the time dependent behavior of rock and 

what might be the time dependent readjustments of stresses 

and strains (displacements) in rock surrounding underground 

or surface structures? 

2. What is the long-term strength of rock and how can it be 

predicted? 

Obviously, neither of these two questions will be answered completely 

until more comprehensive experiments have been conducted than could 

be carried out in a one-year pilot program. Nevertheless, the results 

of this study suggest several interesting conclusions. 

The comparative behavior of Westerly granite. Nugget sandstone, 

and Tennessee marble in quasi-static compression and in creep experi- 

ments indicates a strong correlation between the quasi-static failure 

behavior and the tendency of rock to creep at ambient temperature. Rock 

which exhibits class 1 failure behavior appears to be less prone to 

deform with time than class II rocks irrespective of the magnitude 

of the pore water pressure. On the other hand, the time dependent 

deformations in class II rocks may be appreciable and are enhanced at 

elevated pore water pressure. Estimates of the possible strain accumulation 

in granite and sandstone were obtained by means of Equations (19) and (20) 



and are listed in Table 5. 

Rock Stress 
(psi) 

Strain (10"6) 
1 year 3 years 10 years 

Westerly 
granite 

Nugget 
sandstone 

24,000 

20.000 

17,000 

15,000 

1,595 

375 

680 

250 

590 

1,037 

350 

990 

2,200 

530 
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Table 5. Time strain accumulation in granite and sandstone. 

ß ß 
The data in Table 5 suggest that strains up to 1,000 x 10     and 2,200 x 10 

may develop in Westerly granite and Nugget sandstone over a ten-year 

period in uniaxial compression at only 20,000 psi and 17,000 psi 

respectively.    Both strain values are much higher than was expected 

Intuitively from measurements of the high quasi-static compressive 

strengths in the air-dried state, 37,500 psi for granite, and 33,400 psi 

for sandstone.   They are appreciable if it is considered that approximately 

10,000 psi must be applied to both rocks to produce "elastic" strains 

of the same magnitude (Figures 8 and 9). 

All tests to determine the time dependent strength of granite, 

sandstone, and marble lead to entirely analogous conclusions.    Again, 

a strong correlation is noted between the failure properties and the 
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reduction of rock  rength with time. The observed decrease of the 

compressive strength of Tennessee marble with an increase of loading 

time and pore water pressure was less than 15%. On the other hand, 

the observed strengths of Westerly granite and Nugget sandstone dropped 

to 68% and 57% respectively, and are likely to decrease furthei' as the 

loading time and pore water pressure are increased. The comparative 

behavior of the three rock types used here, therefore, suggests that 

the long-term strength of class II rocks may lie considerably below 

their quasi-static compressive strengths in the air-dried state. At 

ambient temperature, the long-term strength of class I rocks appears 

to be close to the quasi-static compressive strength at all pore water 

pressures. The results indicatp that time dependent rock railure may 

well occur in certain rock formations in situ. Once failure begins, 

large strains will inevitably develop. The associated displacements 

in turn might increase the loads on support systems beyond their design 

limits. 

To predict the time dependent strength of rock, the approach 

which was taken in this study appears promising in that the agreenent 

between predicted and measured failure times in uniaxial creep experi- 

ments is quite satisfactory. However, at present the approach is 

practically useful only to the extent to which laboratory strength 

values can be correlated wtih the strength of rock in situ. The 

approach may become more viable once the relationship between time 

dependent deformations, onset of time dependent failure, and fabric 
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changes have been established. 

A final but significant conclusion of this research pertains to 

the existence of class I and class II failure behavior of rock which 

has been questioned by numerous investigators. Class I and class II 

failure behavior are defined to prevail if the slope of the descending 

part of the complete stress-strain curve is either negative or positive 

(38,39). It has been purported that both types of behaviors are not 

inherently characteristic for rock but rather are merely a consequence 

of certain experimental conditions. If this were true, then it might 

be expected that the strain to failure in creep experiments at some 

stress o ^ ac, i.e., the sum of the "instant, neous" and the creep 

strains, would be greater than the strain er which is associated with 

quasi-static uniaxial compressive strength oc. This condition did not 

develop in any of the creep experiments which were carried out on 

Westerly granite and Nugget sandstone. On the contrary, class II 

post-failure was reached along a new and entirely different path. The 

existence of class II failure behavior was therefore confirmed in an 

independent experiment. Similarly, if the occurrence of class I failure 

behavior depended on the experimental conditions used, then "class I rocks" 

might exhibit "class 11" behavior in creep. This condition did not 

arise in Tennessee marble. Instead, all experimental evidence suggests 

that the sum of the instantaneous and of the creep strains are always 

greater than the strain e . 
c 

^-^^  
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FIGURE 1. Creep curves of solenhofen limestone subjected 
to different shear stresses at 150,000 psi con- 
fining pressure (after Griggs) 
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FIGURE 4. Loading apparatus 

FIGURE 5. Instrumenvatlon and data 
acquisition systems 
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FIGURE 16. Creep properties of Westerly granite during primary 
creep (circles: a vs. n; triangles: o vs. c; open 
symbols,    water-saturated; solid symbols:    air-dry) 
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FIGURE 25. Diagrammatic representation of failure 
patterns in Tennessee marble 



FIGURE 26. Creep induced failure patterns in Nugget sandstone, 
sample no. 34 subjected to 19,000 psi for 1,475 hours 
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APPENDIX 
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DERIVATION OF STRESS STRAIN LAWS FOR GRANITE AND SANDSTONE SUBJECTED TO 

UNIAXIAL COMPRESSION 

Time dependent stress-strain laws for granite and sandstone were 

derived from a description of primary and secondary creep. 

Westerly Granite 

Primary Creep 

Primary creep in water saturated Westerly granite was defined by an 

equation of the from: 

log ej = nlogt + C (Al) 

or        ej ■ 10c tn 

If a constant stress is applied at time zero and if the time t is 

expressed in hours then C denotes the strain accumulation which takes 

place during the first hour of creep. By and large, the magnitude of C 

is a function of the prevailing stress level, m is independent of the 

applied uniaxial compressive stress. To ascertain m and C, all primary 

creep Jata were plotted in loge, log t space. Then n was calculated as 

the mean slope: 

n = 0.392 

The stress dependency of C was evaluated from plots C versus stress, 

a, as shown in Figure 16. The large scatter of data in Figure 1 created 

some difficulties in the assessment of C. It appears that C is constant 

up to a "threshold" stress o ■ 27,000 psi. For a >_ 27,000 psi, C appears 

to vary linearly with stress, i.e. 

a = a C + b (A2) 

To simplify the analysis, Equation A2 was assumed to hold for all o > o* 

 . 
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wh«re a* denotes half jf the mean quasi-static compressiv.- strength, a , 

of air-dried Westerly granite. Hence: 

o* = 18,750 psi 

o* may be interpreted as the threshold stress above which creep is 

controlled primarily by micro-cracking. The constants a and b in 

Equation A2 were calculated by means of Figure 16. 

Accordingly, 

a = 0.964 X 104 

4 

,4 

and 

Thus 

b = 6.8 X 10 

a  = (0.964 C + 6.8) 10* 

Equation A3 is recast into a more convenient form by means of 

o*= 18,750 = (0.964C* + 6.8) 104 

Dividing equation A3 by equation A4, in general, 

a   _ aC -»-b 
o* ~ aC* + b 

Solving for C renders, 

C . £ (c* + k ) . k 
o* x   a '  a 

Substituting for a and b and using equation A4: 

C = 1.95 -* - 7.06 

-8 v ,J.95£ 0.392 

Therefore 
o* 

eI " 10c tn ■ 

or eI ' Be"?. t" 

where B = 

N » 

8.7 X 

4.49 

io-8 

n » 
0* 
0 
Ö* 

0.392 
-- 18,750 psi 

< 2 

(A3) 

(A4) 

(A5) 

(A6) 

(A7) 

-- -   - ■ ■ ■  
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A3 

Equation A7 defined primary creep as a function of current stress 

and time. However, the results of differential creep experiments 

indicate that primary creep is better described in terms of current 

stress and strain. This observation strongly suggests a strain 

•-.-dining model. To derive an equation which accounts for strain 

hardening care must be exercised in the definition of stress. If the 

stress is held constant then differentiation of Equation A7 yields: 

cj = ^i = n B e "H""1 (A8) 
dt 

If equation A7 is used to eliminate the time t in equation A8 

tr     = B e a*  1 - n (A9) 
_    i   ei 

where B = n B n ■ 1.33 X 10"20 

N = ^ = 11.44 

In turn, if the stress varies with time then 

ej = ( Ba* e  ö 6 ) tn + nBe 
a t (A10) 

Therefore, expressirg t in terms of the strain eT 

cj = B .j o + B eN 0* cj ]-n (All) 

where »  .     -11 
B = 2.08 X 10 " 

Equation All complicates matters considerably. Fortunately, a 

quick numerical check shows that the first term on the right hand side 

of Equation All becomes significant only if the strain rate corresponding 

to 6 is equal or greater than 10"1 sec"1. Hence, calculations of long- 

term time dependent strains can be made with the aid of the simpler 



strain hardening equation A9. 

Secondary Creep 

During secondary creep, the creep rate varie? linearly with time 

under constant environmental conditions. As a result, the analysis 

of the secondary creep data presented here is simple. Figure 17 shows 

that: 

log ejj = ma + d (A12) 

using a least square fit 

m = 5 X 10"4 

and d = -22.68 

Equation A12 is again recast by introducing the "threshold" strtss a' *  18,750 psl 

Since 

and 

log e* = ma*-d 

log!n=m(o.a*) 

ejj- e* lO-"10* 10 mo* (^) 

II De  o* (A13) 

where 
D = 7.17 X 10"20 

ff = 21.6 

a* = 18,750 psi 

£*<2 a* — 

Total Time Dependent Strain 

To a first approximation, the total creep in Westerly granite 

is obtained by adding Equations A9 and Al3: 

■•■"- — ■' -- - ■ ■ 



e - ej + ejj = B'e'V* tl    n +  D2e 
a 

A5 

Renaming all coefficients: 
0 

A c"1 e "^ ♦ A/3
^ (A14) 

where 

A1 = B"= 1.33 X 10'20 

A2 = D = 7.I? X 10"
20 

a1 = 1 - 1; n - 0.392 

a2 = N = 11.44 

a3 = M = 21.6 

o* = 18,750 psi 

Equations A 9 and A13 and A14 are not restricted to conditions of 

constant stress. However, to what extent they are valid under general 

loading conditions requires further experiments to be conducted. Obviously, 

they do not include the influence of temperature and pore water pressure. 

Nugget Sandstone 

Primary Creep 

The data for water saturated Negget sandstone were analyzed in tne 

same manner as the data for Westerly granite. All primary creep data were 

fit to the expression: 

lug EJ = n log t + C (/U) 

or 
ej ■ 10c tn 

Again n is the mean slope of double logarithmic plots of strain 

versus time. 



Accordingly:        n - 0.29 

m 1s assumed to be stress independent. 

To express C as a function of stress. Figure 18 was employed. Thus: 

o = a C + b 

where      a = 0.667 X 104 

b = 4.46 X 104 

Introducing a "threshold" stress a* equal to half the quasi- 

static uniaxial compressive strength of air-dried Nugget sandstone. 

o* = 16,700 psi 

Equation Al becomes: 

= 10c tn=10-
7 e 5-757* t0-29 I   c n ^ 

N- n 
or        ej = Be a* tn (A7) 

where      B = 10" 

N = 5.75 

n = 0.23 

a* = 18,750 

a* £ 2 

Using the strain hardening model Equation A9 finally: 

er = B e o* e 

where      F = nB^ = 2.11 X 10"25 n 

IT» ^ = 19.83 

n ■ 0.29 

Secondary Creep 

From Figure 19: 



■■ m.ßma^,?*! 

A7 

löge,, =mo + cl 

A least square fit to the data shown in Figure rendered: 

H - 0.706 X 10"4 

d = -23.43 

With o* = 16,700 psi 

ejj = 1.339 X 10'20 e 27'27* 

or iu = D e^* 

where D = 1.339 X 10"20 

R = 27.2 

0* = 16.700 psi 

£*< 2 a* — 

Total Strain 
a, ap£    i~a_ 

e = ej + cjj = A^ 'e o* + A2e o* 

A1 = B = 2.11 A 10'25 

A2 = D = 1.339 X 10"
20 

a1 = 1 -1 ; n - 0.29 

a2 = N = 19.83 

a3 = FT = 27.2 

a* = 16,700 psi 

(A13) 


