Creep Behavior of Salt in Triaxial Extension Tests

INTRODUCTION

It has been established from field observations
and laboratory work that the time dependent re-
sponse of salt Is a most significant aspect of its
behavior under load. This paper presents and dis-
cusses the results obtained from creep tests on salt.
In order to place the subsequent discussion in
proper prospective, it is necessary to review briefly
some of the concepts involved in the selection of a
mathematical representation for the response of a
material to load. Such a representation is termed a
constitutive equation or a mathematical moded.

THEOQORETICAL CONCEPTS

The purpose of selecting a mathematical model
to represent material response is to be able to lor-
mulate and solve a boundary value problem from
which the response variables {e.g., stress, strain, de-
flection), can be calculated i the input variables
{e.g., loads, temperature) are defined. The model
should rellect the mechanical, thermal, and hygro-
scopic properties of the material, and should in-
clude construction procedures and possible changes
with time and input, Modeling at this level of gen-
erality is not possible. Some variables have to be
kept fixed or disregarded iIn setting np the model;
this mvolves selection of those variables which are
of importance to a particular problem. I it is
assumed that the input variables have been speci-
fied, it then hecomes nccessary to mtroduce vari-
ous physical postulates concerning the response of
the material. These are concerned with the formu-
fation of a constitutive equation {nr a material,
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The following postulates are introduced:

1. The mechanical state 1s defined by the stress
and strain matrices and the thermal and mois-
ture states are delined by temperature and
maisture content, respectively.

, The stress in the material at time*t”" is a func-
tion of the histories of strain, temperature,
and moisture content at that point and a
funcrion of the age of the sysrem.

o

Postulate {2) is the basis for formulating a fun-
damental constitutive equation o determine the
response of the material to a variety of inpus. All
mathematical models which are currently in use
with theoretical methods of analyzing problems in
reck mechanics appear as special cases of this pos-
tulate. In addition, however, many other less re-
strictive types of models are also included. It will
be conventent to introduce some notations at this
point so that the constitutive equation can be rep-
resented in mathematical form:

X Position vector of a point, referred
to a coordinate system

F (%, 1) Stress, a mairix function of space
and time

E(X, 8 Strain, a matrix function of space
ared time

T (%, 1) Temperature change above a refer-

ence state, a scalar function of space
and time

T T U
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Moisture content, change above a
reference state, a scalar function of
space and time

Postulate (3) is equivalent to the statement:

§(%, 1) = F;;E [é (%), TR s, MR, % t] {1

The notation infers that stress is a function of
the histories of the variables shown from time zero
1o current time ‘“‘t”. Since stress is a function of
arguments, which in rurn are functions, it is cus-
tomary to refer to this equation as a functional,
te., stress is a functional of strain, temperature,
and moisture content. In general, determination of
the temperature and moisture content as functions
of time cannot be carried out independently of the
determination of mechanical variables, Le., the var-
tables are coupled. Due to the complexity of such
theories, it is generally assumed that the lempera-
ture and moisture content variables are known
functons of space and time. These functions can
be found from the solution of separate diffusion
houndary value problems. Equation 1 can be spe-
cialized further if the material is supposed to have
symmetry in its behavior, e, whether the material
is anisotropic or whether it is isotropic. It should
be noted that the function F in Equation ! de-
pertds on position “x” and time *t”. The depend-
ence of the propertics on position admits the
possibility of a non-homogencous system. When F
depends on *t”, the material has aging characteris-
tics, Le., the propertics depend eon age, 1f F is inde-
pendent of age, or ifme invarent, the time
argument disappears and only relative time ““t-s”
appears in the histories. Thus, for a nonaging
homogeneous material we have:

giost [a(x,t—s},?(z,t-s),M(i,t-s}]

iR, = t-=0

This ecquation ncludes all models currently in use
for rock mechanics problems, c.g., clasticity and
viscoelasticity.

The constitutive equation {2) is said to be hered-
ltary in the sense that the current value of stress
depends upon the kistory of the argument func-
tions. 1t is possible Lo idealize material response by
assuming it is the same for all histodes, ie., the
stress depends only upon the current values of the
arguments. In other ferms, the response of the
system is path independent for all of its input vari-
ables. This implies that all effects are completely
reversible; there cannot be anv hysterisis or perma-
nent deformation, such a material is called elustie.
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It must be recognized that elastzc theory canmot,
by definition, predict time-dependent, rate-
dependent or permanent deformation.

Same materials, when loaded bevond a critical
state of stress called the “yield condition,”
undergo a permanent deformation so that upen un.
loading they do not return to their injtial state. It
is customary to assume that this post-yielding de-
formation 15 no? dependent upon lime, rather it
depends upon-the stress path. Such a constitutive
law cannot predict time dependent effects,

It was noted that in a hereditary material, the
present values' of stress ‘depends upon the history
of each of theé argument variables. If the response
of mechanical, thermal; or moisture inputs is
symmelric in some’ senie,. the material is said to
have that class of symmeiry relative to a particular
input varizble, Complete’ symmetry -is called isa.
tropy. However, at this point’ the: possibility of
applying Equation 2 m'experimehts from which
the unknown response functlons ‘can be d.cnved is
quite remate,

In order to model time dependcm behawor one
is primarily concerned with. a viscoelastic model.
To draw attention to the character of viscoelastic
response, without overly limiting the applicability
of the discussion, it will be assumed that in Equa-
tion 2 the stress depends on the history. of strain
and upon the present values of temperature and
moeisture content, i.e., stress is a functional of
strain and 2 function of T, M. With this restriction,
Equation 2 takes the form:

sy =F _ femeaTrofeeg @

It should be noted ‘thai linearity has not been m-
wroduced, To represent a material in accordance
with Equation 3, a sequence of time, temperature,
and moisture dependent kernel functions which
must be determined experimentally are utilized. At
the present time {(1969) experimental technigues
for characterizing nonlinear viscoelastic materials
are not well developed. Furthermore, methods of
solving beundary value problems of the generality
required for the evaluation of the majority of rock
mechanics problems using a nonlmear viscoelastic
model are not available, though they are under de-
velopment.

in the special case that the mechanical response
of a material is linear, the form of Equation 3 is
greatly simpliticd and under constant ternperature
and moisture condition will reduce to the Familiar
Beltzman superposition integral used for
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representing linear homogencous isotropic visco-
elastic materials. A viscoclastic material, whether
linear or nonlinear, exhibits instantaneous clastic
response as well as other phenomena not found in
elastic malerials: stress dependence upon rate or
path of straining, elastic recovery after removal of
load, and the possibility of permanent deformation
upon removal of load. A viscoelastic material does
not exhibit a “yield” effect, there s no time-
independent permanent deformation.

It has heen ohserved in salt that the tme-
dependent respense is significantly nonlinear, and
cannot be satislactorily represented by linear con-
stitutive faws. Furthermore, it has not been shown
that the time dependent deformation that does
oceur s viscous or thut all nstantznecus deforma-
tion is elastic; necessary conditions for the applica-
bility of viscoclasticity. In view of the present state
of the art in nonlincar viscoelastic experimentation
and stress analysis, nonlinear time dependent re-
sponse is best characterized by empirical relations.
The use of empirical relations to characterize time-
dependen: behavior is widely used in structural
analysis where metals are subjected to loads at ele-
vated temiperatures resulting in significant time de-
pendent deformation (Finnie und Heller, 19569;
Odqrrst, 1966; Manson, 1968). Tt is this approach
that is followed in this paper in modeling the time
dependent response of salt. When empincal rela-
tions are utilized for stress analysis the time inde-
pendent and time dependent effects are treated
mdependently and their effects superimpaosed. This
is not viscoelasticity, however, where lincar visco-
elasticity cannot represent material behavior, anal-
ysis based on the superposition of time
independent and time dependent effecis have been
used with considersble success in structural anal-
ysis.

The results of a typical creep test and the termi-
nology commenly used to describe the strain-time
curve are shown in Figure 1. In many cases, the
secondary portion of the ecreep curve can be con-
sidered to represent the major portion of any creep
deformation. In such cases, the strain can be con-
sidered to consist of an initial clastic strain and a
creep strain which increases at a consrant rate. The
creep strain can, thercfore, be represented by
straighl Hnes whose slopes are in general stress de-
pendent, indicating the nonlinear chayacter of the
maicrizl. A commonly used relationship between
creep strain and stress under these conditions is of
the form*:

e, (creep strain) = Bo®t (4)
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Figure 1. Schematic represemation of results Frora a creep test,

¢ {ereep sirain rate) = Ba® (5)

It is generally assumed that B is a function only of
temperature; i.e., independent of stress and strain,
and n is a constant. Other relationships between
strain, stress, and time that have been utilized in-
clude: '

e, = ActiBy (6)

[
and

e, = Ac"L+Bom {7}

If the transient portion of the creep curve i
large, then the idealizations proposed above are no
appropriate. However, it has been observed that
the creep curves for various stress levels have a geo-
metrical similarity which allows the ¢reep strain to,
be expressed in the form: :

e. = H{v) F (1) {8y
An expression of this type commonly used (Man-.
son, 1968; Finnie, 1966) in stress analysis for creep
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€. = Aghgm (9}

<

where A, n, and m are constants.

*The dot ahove ¢ derotes differentiation with respect 1o time,

ie, ¢ = de
? ¢ “-“'E_
df

A T A T i e e =
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Obviously, creep strain-stress-time  relations of
varying degrees of complexily can be set up; how-
ever, hecause of the sensitivity of the creep hehav-
ior to temperature, stress conditions, choice of
sample, and testing techniques, a simple empirical
relation (e.g., Equation 9) may be the best choice
(Finnie, 1966).

~ Test results, in most cases, relate one component
to stress to one component of strain. For purposes
of stress analysis it is necessary to obtain a relation
between general siress and strain states. In order to
make this generalization, it is often assumed that
the relationship between effective stress and effec-
tive strain obtained in a laboratory test under spe-
cial stress conditions is valid under all stress states
(Manson, 1968; Finnie, 1966). For a uniaxial test,
the effective stress and strain are the axial stress
and strain respectively. For a tnaxial extension
test, the stress difference {o;—0,) and the axial
strain are the effective stress and strain respec-
tively. The incorporation of the swress-strain-time
Iaw inte the solution of a boundary value problem
can be done in muny ways (Manson, 1968, Finnie,
1966; Boresi and Deere, 1963; Nair, 1967). Such a
discussion is outside the scope of this paper. Equa-
tion 9 was utilized by Boresi andd Deere (1963) and
Nair (1967) in representing the creep data available
from triaxial cxtension tests on salt and in analyz-
ing wvarious boundary value problems in rock
maechanics. The information obtained trom the
creep tests conducted in various investigations will
be discussed in the context of the relationship
given in Equation 9.

DISCUSSION OF TEST RESULTS

Triaxial extension creep tests were conducted on
the salt by the Corps of Engineers (1963) and re-
ported by Borest and Deere (1963). Additional re-
sults have been conductied and reported by Nair
{1968).

If Equation 9 is used as a basis for discussion,
then it is necessary to determine the comstants and
cstablish if the data can be satisfactorilv repre-
sented by Equation &. In order to determine the
various constants, Equation (9} ik recast into loga-
rithmic form as follows:

log e, = logA+nloge +mlogs (10}

I+ can be scen that for a fixed value of | the above
equation can be written in the form:

loge. = K+ mlogt (113

211

Therefore, a plot of strain versus time on a loga-
rithmic scale would result in a straight line from
which m could be determmed.

If ume is kept fixed, Equation {10} can be re-
writien as:

loge, = Ky +nlogo (12}

A plot of 6 against o on a logarithmie scale should
also resull in a straight line from which n can be
determined. Knowing n and m, A can be readily
determined from Equation (9).

Figure 2 represents the dara obtained in the tri-
axial extension creep tests, It can be observed that
the data plot fairly consistently as straight lines
and that the slopes of the various lines can be
grouped in two categories giving values of
m = 318 and .446. An sverage value of (382 can
be comsidered satisfactory for analysis and does nat
differ significantly from the value of .36 used in
earlier studics {Boresi, 1963). This indicates that
Equation 11 is a satisfactory representation of the
data.

In order to determine the constant n, straln and
stress were plotted at a constant time as shown in
Figares 3 through 6. The results can be satisfac-
torily represented by straight lines, which indicates
that Equation 12 is a valid methed of representing
the dara.

It should be recognized that the computation of
n depends on how the data is fitted with a straight
line. Since a great deal of the data is concentrated
in a narrow band of stress difference and because
of the steepness of the slopes of these lines, it is
certainly more appropriate to talk of ranges m the
values of n rather than anv specific value. An
attempt was made to determine if the first stress
invariant had a significant influence on the magni-
tude of the constants in Equation 4. Typical results
isolating the effect of the firsi stress invariant is
shown in Figure 7. While there is the possibility of
the {irst stress invariant iniluencing the behavior, it
is doubtful i the data available at the present time
can be considered sufficient 1o derive any conclu-
sions. However, there appears 1o be sufficient data
to warrant further investigation of the problem.

The constant A is determined from Eguation
{9), utilizing the selected values of n and m. Since
n Is much greater than 1.0, the numerical value of
n greatly influences the magnitude of A, Therefore,
if n 15 influenced by the first siress invariant, A will
also be subject to this intluence. Values of all the
constants are presented in Figures 3 through 6.
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Generul concepts of choosing constitutive equa-
tions for representing material response have heen
discussed. It has heen pointed cut that [or mate-
rials like salt which exbibit a high deuree of nonlin.
ear time dependent effects, constitutive equations
which satisfy the rigorous requirements of solid
mechanics and for which meaningful stress analysis
can be performoed are presently not available. Itis,
therefore, necessary to use empincal relations to
represcnt material response, such empirical rela-
rions have been used successfully in structural anal-
ysis,

The results of the crecp tests plotted in Figures
5 through § do indicate that a creep cquation of
the form ¢, = A 0"t is one cquaiion that can be
used Lo repman‘ the time dependent response of
salt. Such an equation, when combined with elastic
stress-strain laws, can be used 1o solve boundary
value problems of mrerest in rock mechanics.
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