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ABSTRACT

The purpuse of this paper 5 o propose a one-dimensional crecp model tor salt
where srrain vale is postulated to depend on stress, strain, and ternperature, Time
does not appear explicitly in the expression for strain rate, but enters indirectly
through the strain which is a function of time in the laboratory creep test where
stress and temperature gre held constant. In the more general case, time dependence
may enter through the functional dependence of stress, strain and temperature on
time, This proposed model is in contrast to the commonly used power law approach
where strain is assumed to be proportional to the product of stress, absolute tempera-
ture, and tine cach ratsed to a power determined by fitting the model to laboratory
data. In the case of the power law, strain rate is obtained by differeniation of the
strain function and time appears explicitly. The power law formulation for u
laboratory creep test is apparently for wrunsient creep only because the strain rate
continues to decay with lime snd becomes asympotic fo 7ero rather than the finite
steain rate of secondary creep. Strain rale in the proposed model becomes asympotic
to the steady-sfate strain rate as strain increases. Steady-state strain rates are esti-
mated using the equation proposed by Heard {1972), Heard’s laboratory data are
used in the proposed creep model to simulate creep lests. The simulated cyeep test
resules are then handled in the samie manner as laboratory creep data and the
exponent on time is evaluated, For the two cases presented, the exponents on time
resulting from the simulated creep test arc ressonably close in value to these ob-
tatned in laboratory creep tests by others. These resuits indicate that, at least for the
test resulfs considered, the hehavior of salt is consistent betwees constant strain rate
tests and creep tests, Consequently, in the future, it may be possible to run constant
strain rate tests and produce experimental datz equivalent to creep tests that may
take considerable more time in the laboratory.

INTRODUCTION

The timme-dependent hehavior of natoral rock sakt is of
interest from several points of view which include the
geological questions telated w the genesis of anticlines,
spines, domes, and other diapiric structures, as well as, the
more practical questions related fo the exploitation of pet-
rofeum and natural gas resources and the exploitation of the
rock sait for commercial sxe. [n addition, knowledge of the
creep behavior of rock salt is of paramount importance in
underground storage applications of petroleum products and
nuclear wastes. The purpose of this paper is to generally
discuss the time-dependent response of salt, 10 propose a
one-dimensional model for this hehavior, and fo ilustrate
the model’s capacity to simulate creep behavior using con-
stant strain-rate test data.

LABORATORY TESTS

Table | outlines the traditional approach to creep law
development, as well as. the modifications that are being
made to check for strgss/strain or temperature-path depen-
dency and size effects. The guestion of the adequacy of
laboratory tests to predict the i situ response of structures
in rock salt wil not be addressed in this paper. For our
purposes, we assume that the laboratory tests will provide
us useful information for computerized modeling of the re-
sponse of structures in cavities excavated in salt,

Two types of laboratory tests have been used to study
time-dependent behavior of salt, the traditional creep test
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TABLE
CTraditional’” Approach to Creep Law Development

Assume: € = flor, T, ) wansicnt
€ = fg, TY sieadv-state,

.

b

Run laboratowy creep test st constant T and o {or foad).

3. Determine consmants in assumed creep law {rom lahoratory
resilts and modifications.

4, Stress, strain, andfor temperature path tests,

3. Bench scale laboratory tests-—check for sive effects,

and the constant strain-rate test. In the trudinional creep test,
typicalty, a right circular cylindrical sumple of rock salt
with u diameter approximately 2 to t0 cm and a length-to-
diameter ratio of approximately 2:1 is subjected to a con-
stant differential stress and temperature, The deformation of
the sample is menitored, and the results are plotted as straip
vs time. For high enough stresses and temperatures, the
creep response exhibits three different phases. The first is
the transient phase, where the strain fate decreases with time
unti} it rexches the second phase, which is referred to as
steady-state creep. In this second phase, the creep rate re-
mains constant and is independent of time. Finally, the
response enters the third or tertiary phase, which ends in
rupture of the material.

A contrast to the classical creep test is the other type of
test used for stodying the time-dependent response of salt,
the constant strain-rate test. In this test, a laboratory sample
of approximately the same size as that used in the creep test
is strained at a constant rate and temperature whiie force on
the sample s monitored. This force can then be converted
into stress as a function of time. The deformation of the
sample is monired during the twst, Figure 1 shows typical
stressfstrain curves resubting from constant strain-rale tests
on mapufactured polverystalline halite (data per H. Heard,
1972). The curves shown are for different strain rates as
indicated on the figure, Notfe that as strain increases, each of
the vonstant strain-rate curves bends over and tends to be-
come parallel 1o the strain axis. At this stage, the straining
continues af conslant stress and temperature, which = the
definition of swady-state creep,

To the asthor’s knowledge, the creep model presented in
this paper ts the first attempt o simulate a creep test from
the gonstant strain-rate data and thereby, to investigate the
consistency of salt behavior and its sensitiviry to test condi-
Hons.

MATHEMATICAL MODELS DESCRIBING
CREEP BEHAVIOR

Several mathematicat madels have been proposed 10 rep-
resent measured creep or tme-dependent response. In the
transient creep range, a commaonly sugaested formula is the
so-called “power law’’ where strain is ussumed to depend
on the product of a constant X iemperature to a power X
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Figure ¥. Stress-Strain Curves ot Various Strain Rates, (Heard,
1972).

siress to a power X time 10 g power, This formulation fits
the data reasonably well, However, several deficiencies in
the ‘‘power law’" formulation are apparent. The deficien-
¢igs are discussed below,

The *‘power law" formulation 18 sometimes referred to
ag the smate-variable approsch wherein the assumption is
made that the strain depends onfy on the values of stress and
temperature at a particular tisne and is not dependent on the
path that was used to get to the present state. A state-
variable representation is generally vaulid when considering
conservative processes that do net dissipate energy. In the
case of salt creep, the deformation process does dissipate
energy, and consequently, a state-vaniable approach may
not be approprizte. Also, questions relative to the effects of
gradients in temperature and stress, as well as sample size
effects and the presence of non-salt minerals must be con-
sidercd, The guestion of laberatory-determined properties
vs in situ properties of sak persists, along with the question
of whether or pot a salt sample can be replaced in the labora-
fory to the stress conditions in which it existed enderground
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prior to removal from the salt rock wass, Other yuastions
related fo the Vpower aw’’ formulation include the question
of when time should start. Generallv, the assumplion is
made that the time in the “‘power luw’’ formulation starts
when any changes in stress andror temperature begin. How-
ever, philosophically, time does not appear o be an intrinsic
malerial parameter and should perhaps be replaced by strain,
as shown later. Recent work by Wawersik (197%) indi-
cates a mean stress effect that is not accounted for in the
usuat “'power law’” formulation. That a “power law’ for
sulation is applicable only to the transient regime 15 appar-
ent because the strain rate continues 1o decrease with time
and cventuaily becomes asymptone w Zero rather than to 2
steady-state creep rate as the experimental data imdicate.

With respect 1w steady-slate creep, Heard (1972), using
constant strain-rate tests, found that for laboratory-prepared
pobverystalline halite at 2 kilobars of confining pressure,
creep data in the steady-state range arc consiswent with
Weermman's {1957) models of creep by dislocation climb.
Heard's data zre well fir by

¢ = Aexp(~E/RTie"
where
A= 3 1% s,
E = 23.5 kealrmole,
T = absolute emperature,
R = univcrsal gas constant, and
a o= 3.5

Constant strain-rate tests on single crystafs of halite were
reported hy Carter and Heard (19703). This work gives in-
sight into the slip systems that give rise w lemperature and
rate-dependent deformation halite crystals.

We conclude that much more is known shout the
mechanisms that account for steady-state creep of pure hal-
ile than about transient crecp and the transition between
transient and steadv-creep. Work is in progress 1o develop a
better understanding of these mechanisms, particularly the
transition between transient and steady-creep, In addition,
work is under way to study ihe appheability of results ob-
tained on pure polyerystaliine halite samples to nateral rock
salt samples that contam impurities such as anphydrite, clay
mincrals, etc.

PROPOSED CREEP MODEL

The proposed model for creep behavior is empricat and is
presently not explicable by fundamental mechantsms of sait
deformation. This model takes the form of strain rate as a
function of stress difference, temperature, and strain. Time
does not explicitly appear as an independent variable but is
replaced by strain with the idea that strain may be more
represenfative of the structure of the material than the
parameter time. In either case, the deformation history of
the sample to be tested in the laboratory s essentiaily un-
known, particularly for samples from diapiric structures;
therefore, whether time or strain is used in the formulation
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may be less unportant than the microstructure of the salt as
influenced by its previous Ristory.

In order ta check the validity of this moded, data from
Heard ¢ 1972} on laboratory-prepared, anneated polyerysiai-
line sabt samples were used. Table 2 Hlustrates the proce-
dure and form of the equations involved. The data referred
o in step 1 of Table 2 are obtained from curves such as
those shown in Fig, 1 for a uniform temperarure of 100°C.
For u constant differential stress, such as F30 bhars, a set of
curves such as those shown in Fig. | will vield a data 1able
with colurns of strain rate and steain [or constant tempera-
tiure and stress. Struin-rate values must be correcred for the
deforntability of the wst apparatus before fitting the curves.
The constants Ay shown in the equation in Table 2 depend
on both stress and emperature. The form of this depen-
dency has not yet been cstublished, but it s Hkely that stress
would appear raised o a power while temperatire would
enter in an exponentiat as previously shown in the steady-
state formulation,

Results from the curve fiting for two cases are shown in
Figures 2 and 3. Since only three dara points were avatlable
for the 23°C test, a single e was used for the curve it
shown in Figure 2. For Figure 3, (he curve for the strain
rate of 1.5 % 107* (shown in Fig. i)} was assumed to be
anomulous in the trunsient region and was not included in
the data set used to determine the two-term approximation.
Also in Figure 3. the steadystate was assumed to have been
reached for @ strain of 10%, and the steady-state model
proposed by Heard (1972) was used w calculate the value
shown on the curve. Additional data points and terms in the
series ara obvivusly needed fo give more confidence in this
curve-firing exerige. Howewer, in both Figurees 2 and 3.
the torm assumed appears 1o reasonably describe the ex-
perimental data.

The duta peints used for the curve fitting were supplied
by Heard and have been comected for disiortion of the ap-
paratns during the trapsient phase of the response. Con-
sequently, the strain rates are slightly different than those
that could be obtained directly from curves such as those
shown in Figune 1.

TABLE 2

Consistency of Sait Behavior

is it possible w recomsimict o creep ourve from constant
straim-rate fest data?
1o Fir data from (Heard, 19720 1o the following form
Y = T Aexp (ki)
2. lnteprae to obiain
t= Z Ay e exp (—xfer — A B, [ Sell
0

Where:

=
) PLa o N
E, (1) = | e du = exponcrtial integral of the first order,
u

3 Caleulate t commesponding to a2 particalar € and plot as o

function ¢f time,
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RESULTS

Results obtained from following the procedure outlined
in Table 2, using corrected data from Figure 1 at 150 bars
differential stress and 100°FC, are shown in Figures 4 and 5.
Figure 4 presents & strain vs firse, simulaied creep test that
has the attributes of the classical creep test in the transient
range and approaches steady state for €<~10%, which
agrees well with original data used.

Simiiar results are shown in Figures 6 and 7 for the data
curve fit given in Figure 2 {room iemperature and a stress
ifference of 250 bars}. Again, the creep curve simulated
from the constant strain-rawe data appears reasonable,
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Figore 4. Simulated Creep Test for T = 100°C.
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Figure 8. Logarithmic Plot of Sirain vs. Time for T = 100°C.

Figure 5 indicates that the power on fime is approxi-
mately 0.35 for strain between 2 and 10%, and Figure 7
indicates that the power on fime for thal case is approxi-
mately .27 for strain between 1 and 10%. Both of these
powers fall within one standard deviation of the average
power on time as reported by Hansen (1977) for natural rock
salt creep tests. These powers on time also agree with the
0.3 reported by Lomenick (1968) for creep tests on model
pillars of natural salt.

DISCUSSION AND CONCLUSION

The results presented in this paper indicate that the power on
time in the power law creep formula may be obtained with 2 high
degree of consistency from constant strain-rate test data in the

H
%
H
H
H

P




A Creap Modei
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Figure 6. Simulated Cregp Test for T = 23°C.
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Figure 7. Logarithinic Plol of Strain vs. Time for T = 23°C,

proposed creep model, These resuls give us hope that data from
manufactured polycrystaliine halite tests will prove very useful in
the study of natural rock salt asd that the dependency of salt
response op foad path is of minimal importance. However, the
results pressnted here should be considercd indicative, rather than
definitive, becanse of the lack of sufficient data, particularly in the
transition zone between the ransient and steady-state creep. Alsa,
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these results are ewpirically based and conscquently do not hove
the firsn mechanisiic basis of the steady-state ereep models.

If this or a similar approach, stands the west of further investga-
tion, ¥ will zllow a single mathematical representation of the
time-dependent behavior {or transient {hrough steady-siate creep.
In addition, it will aillow the use of data obrained from constant
strain-rate tasts 1 complement data from the standard creep tests.
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