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Summary

The paper deals with uniaxial relaxation tests on rock salt which are the basis for a
constitutive equation. Since so far no regard was paid to relaxation behaviour,
corresponding test results are not available and hence a special device for perform-
ing of uniaxial relaxation tests had to be constructed. Some interesting test results
are discussed in the paper. These results are useful for the verification of constitu-
tive equations. A critical analysis of conventional constitutive laws and their funda-
mentals shows that these material laws have considerable imperfections and are
rested on substantial restrictions. Particularly, they are not able to describe relaxa-
tion behaviour sufficiently. Consequently, a constitutive law is proposed consisting
of a strain hardening approach with separate creep and relaxation functions. By
post-calculation of different laboratory tests it could be shown that in comparison
to conventional steady-state creep equations this material law describes the viscous
behaviour of rock salt more realistically.

1. Introduction

Due to its high viscosity rock salt in situ always occurs unjointed and
hence can be considered as a continuum. In this respect the mathematical
formulation of material behaviour is easier than that of most other rocks.
On the other hand rock salt shows a very complex rate and temperature
dependent behaviour. Despite of this handicap a lot of different constitu-
tive laws have been developed for the description of the viscous behaviour
of rock salt. Amongst these theoretical investigations, comprehensive labo-
ratory tests have been performed in recent years. In both cases creep
behaviour was the centre point of the research. On the contrary stress relax-
ation processes were neglected despite of their significant influence on the
in situ stress-strain-behaviour.
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2. Conventional Constitutive Laws for Rock Salt

Mostly, the strain rates of a rate dependent material are divided into an
elastic and a viscous part:

‘él'j = téf,‘l + é,-‘}is. (1)
Usually, the elastic strain rates are assumed to follow Hookes law
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where G and K denote the shear and the bulk modulus and s;; are the devia-
toric stress rates
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So far, research concentrated upon the viscous part &7° describing steady-
state creep with constant creep rate or transient creep with decreasing
creep rate. Tertiary creep followed by creep rupture is not considered here.

Steady-state Creep

If we assume that the material behaviour can be described by the func-
tional link

f(éij’ O-ij: I; SI) = Oa (4)

where T denotes the temperature and the state variables S; characterize the’
actual microscopic structure, a general constitutive law for the secondary
creep of an isotropic incompressible material with multiplicative terms of
stress and temperature dependency is given by

S,
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with
o, = V’?«O’l — 0 + (0, — o) + (01— 03)) - (6)

The structure variables S; are mostly assumed to be constant or to be
included in the remaining measuring parameters and therefore do not
appear explicitely.

Commonly, the temperature dependency f; (T) follows the Arrhenius
equation

_ 2
@) =cep (-2 )
with the universal gas constant R (R=8.314J/mol-K), an activation

energy Q and a positive constant C. The Arrhenius dependency is con-
firmed by many laboratory tests as well as theoretical investigations.
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Steady state creep laws mainly differ in regard to the stress dependent
function f; (5,). A frequently applied expression is the power dependency

ﬁ(ae)=C(2;>n, n=1, @®)

where o, denotes a reference stress. A power law for rock salt was proposed
by Heard (1972) and accepted by many other authors.
Sometimes the function

O,
Jf1(o.) = C;sinh <Cz ) ®
Og
is used resulting from Prandtl’s theoretical models (Prandtl, 1928) and orig-
inally proposed as constitutive law for metals (Nadai, 1928; McVetty,

1943). Both the power law and the hyperbolic sine law can be derived from
microstructural considerations as it is shown by Heard (1972).

Transient Creep

Creep deformations with a decreasing creep rate initially being observed in
creep tests are generally described by time hardening or strain hardening
theory. Time hardening is given if the creep rate depends explicitely on
time. In connection with a power approach for the stress and temperature
dependency a time hardening law for rock salt as

. Ge C, T C; t Cy Sij
oS @

is assumed by Lomenick and Bradshaw (1969) and with similar formula-
tions by e. g. Thoms et al. (1973), Wagner (1982) and Fernandez and Hen-
dron (1984). An exponential time dependency

. I\ Sy

is proposed by Wawersik et al. (1984).

An explicite strain dependency of the transient creep deformation
leads to a strain hardening law. Menzel and Schreiner (1977) give the fol-
lowing constitutive law for rock salt:

G .
& =C ( O-e) g i (12)
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This approach is applied to hard salt, too (Menzel and Schreiner, 1975).

Constitutive Laws Derived from Deformation Mechanism Theories

Besides the more empirical approaches, many constitutive laws for rock
salt have been established basing on theories of atomic processes in crystal-
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line solids. Plastic flow of crystals is caused by lattice defects which are
responsible for several deformation mechanisms (see Frost and Ashby,
1982; Poirier, 1985; e. g.). Though these different mechanisms are interact-
ing in complicated ways, in most cases one mechanism is assumed to be
dominating. Depending on the normalized deviatoric stress and the
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Fig. 1. Deformation-mechanism maps for steady-state creep of rock salt after a: Heard (1972),
b: Verrall et al. (1977) and ¢: Munson/Dawson (1984)

(G: Elastic shear modulus, 7: absolute temperature, T, melting temperature)

I: Dislocation glide, IT: Dislocation climb, IIa: Volume diffusion, IIb: Pipe diffusion, Illa:

Nabarro-Herring creep, I1Ib: Coble creep, IV: Undefined mechanism(s)
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homologous temperature, the dominating mechanisms can be presented in
so called deformation-mechanism maps as shown in Fig. 1. The boundaries
are determined with the aid of laboratory tests on natural and artificial
rock salt samples, theoretical models, empirical constitutive laws as well as
interpolation and extrapolation.

Without going into details the most important equations basing on
microstructural processes should be mentioned. For pure diffusional creep
(region I1I in Fig. 1) we get

o2
d* kT

£ = (Cv D, + Cb—g-Db), 13)
where (2 denotes the atomic volume, d the grain size, & the Boltzmann-
constant and & the thickness of the boundary. D, and D, are the lattice dif-
fusion coefficient and the boundary diffusion coefficient, respectively. In
the case of lattice diffusion controlling the creep rate, D, can be neglected
in Eq.(13) (Nabarro-Herring-creep). Correspondingly, C, is ignored if
grain-boundary diffusion dominates (Coble creep).

There are controversial opinions on the mechanism controlling dislo-
cation glide (region I). If the obstruction of the dislocation movement by
discrete obstacles is assumed to influence the creep rate primarily (as done
by Nicolas and Poirier (1976), e. g.), we obtain:

ol 02w

with A F: activation energy and n, op: constants. When activation energy
and/or stress is large, the exponential stress dependency dominates and
o/ G is approximately constant. Otherwise the stress rate follows a power
law.

If dislocation glide is controlled by lattice resistance (Peierls force) the
following equation is valid:

. g\" A F;; o \P\?

oG e (-())] o
where A F, denotes the activation energy for overcoming lattice resistance
and p and g are constants. Frost and Ashby (1982) and Verrall et al. (1977)
give p=3/4, g=4/3, n=2 and Poirier (1985) proposes p=g=1 and
n=225.

Dislocation climb (region II) is a combination between glide and dif-
fusion processes. Though the strain is caused by dislocation glide the creep
rate is diffusion controlled since diffusion proceeds considerably slower
than glide. Depending on the main transportation way, dislocation climb is
divided in two mechanisms which can be described by

. bG [o\" A%
£ = '_k‘f (_6) {:C‘l Dsd + C2 (E) DC:‘, (16)




184 M. Haupt:

where D, and D, is the self-diffusion and the pipe diffusion coefficient,
respectively. In proportion as the transport of matter proceeds through the
lattice (volume diffusion) or along dislocations (pipe diffusion) the stress
exponent becomes n or (n+2) where n is between 3 and 5.

The deformation-mechanism maps show that for practical purposes
including conditions of nuclear waste disposal first of all volume diffusion
controlled dislocation climb is of importance. Furthermore, dislocation
glide or Coble creep may occur.

Amongst extensive investigations on the microstructural background
of steady-state creep there are few works dealing with mechanisms causing
transient creep. Mott (1953) obtained following solutions:

e=CIn(Gt+1) (17

and
1

e=Ct3, (18)

which were applied to salt rock by Le Comte (1965) and Héfer and Knoll
(1971). Equation (18) coincides with the empirical creep law given by
Andrade (1910). Le Comte (1965) shows that the time exponent n can
accept values differing from 1/3.

Rheological Models

There are several approaches using rheological models (Serata, 1968 ; Win-
kel et al., 1972; e. g.). It seems that with the aid of more or less complicated
combinations of three rheological bodies representing the elastic, viscous
and plastic properties nearly every rate dependent material behaviour can
be described. However, there are decisive restrictions attached to rheologi-
cal models as it is shown in the following discussion. For this reason a
detailed analysis of rheological models for rock salt can be omitted, espe-
cially since there exists an extensive bibliography on this subject (Reiner,
1968, e. g.).

Discussion

Constitutive laws for rock salt mostly consist of an additive combination of
the elastic Hooke part and a viscous strain rate term which may be written
(see Eqg. (1)) as:

&= + c(o, ), 19

by Q-

where ¢ () denotes the creep function. In this case, relaxation behaviour
with &= 0 is described by

= —FEc(g 0)=r(g o) (20)

with r (): relaxation function, and the relation between creep and relax-
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ation function can be influenced only by the elastic constant E. Accordin-
gly, constitutive laws based on Eq. (19) are very restricted to their flexibility
since relaxation behaviour is completely determined by creep behaviour
and Young’s modulus. Much more flexibility would be given if creep and
relaxation function could be determined independently.

In contrast to common assumptions the existence of an elastic part is
not necessary for the description of relaxation. In addition, the division of
the strain rate into separate parts (Egs. (1) and (19)) is as unrealistic as the
introduction of boundary conditions. According to its definition, a viscous
material like rock salt cannot possess a rate independent elastic part. Only
for rapid loading and unloading the behaviour is that of a perfectly elastic
material. This property is called instantaneous elasticity (see Rivlin, 1970,
e. g.). Elastic “constants” E given in literature are rate dependent and
accordingly in a strict sense no material parameters.

In an instantaneous elastic material elastic and viscous strains appear
at the same time and are not combined with an exceeding of a boundary
condition. It should be pointed out that the postulate of two strain rate
parts operating in different intensity and influencing each other, is not
based on an experimentally provable physical process but has to be under-
stood as a mental conception. In the microstructure of rock salt separately
operating elastic and viscous mechanisms cannot be found.

The assumption of the existence of a discrete elastic part is caused by
rtheological models for the most part since these models always suppose
separate mechanisms for elastic, viscous and plastic behaviour. Since the
properties of these three basic models do not exist separately in a real
material, rheological models never reproduce the structure of a material.
They are abstract.

Rheological models exhibit a lot of disadvantages. Their applicability
is limited on uniaxial mechanical behaviour since conventional models
are not able to describe threedimensional material behaviour as well as non-
mechanical effects. On account of the additive superimposition of the stress
or strain parts, the activation of these parts has to be combined with
boundary conditions without continuous transitions being possible. More-
over, the application of rheological models often leads to exponential terms
which do not allow a sufficient approximation of the real salt rock
behaviour.

To avoid these disadvantages non-linear rheological elements are used.
In this case the corresponding equations may become very complicated
and obviously, several of these approaches were never applied. Moreover,
the main advantage of the models — the clear graphical illustration of
mutually influencing mechanical processes — gets lost. Considering the
restricted applicability and other disadvantages, the suitability of rheologi-
cal models as a basis for the development of constitutive laws for rock salt
seems to be rather doubtful.

Another group of constitutive laws proves to be incorrect. Time
dependent laws like the time hardening approach (Egs. (10) and (11)) are
always imperfect material descriptions inasmuch as explicite time depen-
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dency indicates that the physical origin of the time dependency is unknown
(Becker and Biirger, 1975). Time does not influence strain or stress causes
and is no independent state variable which for instance can be held con-
stant (McCartney, 1976). Besides, Odqvist and Hult (1962) point out that
the time hardening theory shows poor agreement with experimental results
in case of rapid stress changes. Hence, explicite time dependency should
be avoided in constitutive laws.

The knowledge of the microstructural deformation mechanisms seems
to be the best basis for the description and extrapolation of material behav-
iour. However, micromechanical theories also show many insufficiencies
which are often underestimated. First indication of the difficulties is
given by the fact that according to the underlying assumptions, a consider-
able variety of partly conflicting approaches can be derived from these
theories.

The distinction of different deformation mechanisms limits the practi-
cal applicability of the micromechanical theories inasmuch as the descrip-
tion of stress or strain changes requires several equations whose validity
must be ascertained by limit conditions. Particularly, this problem occurs
at the simulation of a relaxation test, since related to the deformation
mechanism map, relaxation is no state but a process which may pass
several deformation mechanisms.

With the exception of distinct lattice defects, other structural anoma-
lies and obstructions are not considered by micromechanical theories.
Impurities which are always found in natural rock salt and which deci-
sively may influence the mechanical behaviour are included just as little as
nonmechanical processes and other effects such as microcracks. Since due
to the complicated interactions the complete deformation process cannot
be described in a theoretical model, only one mechanism is considered in
each case which is assumed to be dominating.

As shown above, micromechanical theories are based on the assump-
tion of a constant structure. For instance, Orowan’s equation

é&=Cp, by, (21)

where p,,, b and v denote the density of the mobile dislocations, the Bur-
gers vector and the average velocity of the dislocations respectively, is valid
only for constant dislocation density which is given approximately for
steady-state creep. In view of the fact that on the one hand this microscopic
constitutive equation lies at the basis of most equations describing the vari-
ous deformation processes (Poirier, 1985) and on the other hand in situ the
dislocation density continuously changes due to stress redistributions and
other circumstances, it becomes evident that the applicability of the corre-
sponding equations is strongly limited. Yet mostly the fundamental
assumption of constant structure is not taken into account by applying
steady-state creep equations to relaxation processes.

These disadvantages do not apply to phenomenological constitutive
laws. Phenomenological or empirical approaches are not based on any the-
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oretical structure model and hence need not the corresponding simplifica-
tions but consider the material as it is found in nature including impurities
and nonmechanical processes.

3. Experimental Procedure

The stress-strain-behaviour in situ is influenced by creep and relaxation
processes likewise. In contrast to creep, relaxation behaviour of rock salt
has hardly been tested up to now. For this reason a new relaxation testing
equipment had to be developed. In addition, uniaxial creep tests were per-
formed.

It has to be remarked that uniaxial relaxation tests are characterized
by approximately constant axial deformation. Due to stress measurements
a very small axial deformation always has to be admitted. Lateral deforma-
tions have to be allowed also. Otherwise, uniaxial relaxation tests whould
be possible only at a material with constant volume.

The tested natural rock salt originates from a northern German rock
salt mine from a depth of about 700 m and exhibits a high purity of more
than 98 per cent. It is a polycrystalline, almost monomineral salt without
showing anisotropy. The average grain diameter is about 10 mm.

The cylindrical samples were prepared on a special facing lathe ensur-
ing a tolerance of 0.5 um concerning the parallelism of the faces. There
were samples used with a diameter d of 54 mm and a height 4 ranging from
108 to 135 mm. The ratio #/d amounted between 2.0 and 2.5.

Relaxation Tests

For carrying out uniaxial relaxation tests, a special relaxation device was
developed at the Institute of Soil and Rock Mechanics of the University of
Karlsruhe (Balthasar et al., 1987). The apparatus consists of a four-column
load frame with a screw jack which is driven by an electric motor (Fig. 2).
A reduction gear serves to move the screw jack for fitting the sample in and
out. The screw jack is supplied with a built-in electronic load cell.

The two main problems in constructing a relaxation device are the reg-
ulation of the axial deformation and the elimination of the temperature
effect. Since it is impossible to construct a load frame holding the deforma-
tion constant on account of its stiffness alone, a regulation of the axial
strain is inevitable. For this reason, the relaxation device was applied with a
digital strain gauge with a resolution of 1um measuring the distance
between the loading plates. This strain gauge is connected with a self-
developed microprocessor-supported closed loop control system which
ensures a maximum deviation of the nominal deformation of 0.5 um.

In most tests the lateral strain was measured by a special measuring
clip (Haupt, 1988). Axial force and lateral strain were recorded contin-
uously by an Y-t-recorder.
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Fig. 2. Relaxation device: (1) Electric motor, (2) reduction gear, (3) screw jack, (4) digital
strain gauge, (3) load cell, (6) specimen

Preliminary tests showed a huge impairment of the relaxation behav-
iour by the temperature (Fig. 3) which could not be essentially reduced by
applying an isolation. The temperature deviation had to be much lower than
1 K. On this account, the whole testing apparatus was placed within a tem-
perature controlled box ensuring temperature deviations of 0.1 K maximum.

The relaxation tests were performed at a temperature of 35.0 °C and at
four different strain levels (10°- £ =35, 10, 15 and 20). Loading and unload-
ing was brought in with a constant strain rate of about 4-10~°/s. Results of
more than 30 relaxation tests are available. The tests lasted between one
hour to 132 days.

Creep Tests

Since the main subject of this work deals with relaxation behaviour, the
procedure and the results of creep tests will be described abbreviated. For
the performance of uniaxial creep tests two different test devices were
used. First tests were carried out in a conventional hydraulic test apparatus
supplied with a special appliance for ensuring constant stress. To raise
capacity, a simple hydraulic creep test device was developed consisting of
two four-column load frames which are connected by one hydraulic sys-
tem. This construction allows carrying out two tests simultaneously. Con-
stant stress was provided by a nitrogen-buffered pressure balance reservoir.

Stress deviations never exceeded 0.5 percent of the nominal value. For
elimination of tipping effects every testing-stand was supplied with three
mechanical strain gauges.
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Fig. 3. Temperature effect on relaxation behaviour measured in preliminary tests

Creep tests were performed at ambient temperatures. Ten samples
were used with altogether 26 creep phases at stresses of 5, 10, 15 and
20 MPa. The tests lasted between 13 and 95 days.

4. Experimental Results

Relaxation Tests

The time dependent relaxation behaviour is evaluated with the aid of dia-
grams with a logarithmic time scale. Graphs with a linear time scale do not
permit any conclusive extrapolations and hence are completely unsuitable
for a scientific evaluation. This concerns creep tests, too, and there are
numerous misinterpretations in literature caused by linear time representa-
tions.

Figure 4 shows the time dependent dimensionless stress ¢/, where
o, is the initial relaxation stress which likewise is the maximum stress.
Immediately after stopping the loading a very strong stress decrease could
be observed. Within only one minute the stress diminished by more than
20 percent, sometimes more than 40 percent. The stress decreases monoto-
nously.
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Fig. 4. Relaxation tests: dimensionless stress vs. time

The curves in Fig. 4 show a fairly uniform gradient whereas the scatter
is considerable. But certainly, most of the curves are within a 0.1 6/0,
range. No systematic relationship between the strain and the position of
the curves can be found. Hence, the relative stress decrease is approxi-
mately independent of the strain and the initial stress.

Based on the time dependent stress, the stress rates were calculated as
6 = Ao/At, where the time increments A ¢ were between some minutes and
a few days. Since Aois very low at small stress rates, even negligible mea-
suring inaccuracies or strain variations have considerable consequences for
the stress rate and lead to a clear deviation. On account of this, the time
dependent stress rates exhibit a remarkable conformity (Fig. 5). Obviously,
the stress rates are independent of the strain. A “steady-state relaxation®,
i. e. relaxation with a constant stress rate, can not be observed. The curves
can be approximated by a straight line and hence follow a power
approach.

As shown by Haupt (1988) relaxation tests allow conclusions about
the creep limit much better than creep tests. The creep limit is character-
ized by the conditions £=0 and 6 =0 and separates elastic from viscous
behaviour. In a relaxation test defined by £=0, the creep limit is reached
when the stress remains constant. Regarding Figs. 4 and 5 it can be ascer-
tained that in no case the creep limit was encountered.
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Fig. 5. Relaxation tests: stress rate vs. time

Figure 6 shows the relaxation curves in a o-g-diagram in comparison
with a creep limit of rock salt given by Dreyer (1967). It becomes evident
that the creep limit must be considerably lower than the limit proposed by
Dreyer which is based on tests with so called quasistatic loading. Since the
relaxation phases were discontinued without any indication of reaching a
constant stress level, it is assumed that the creep limit of rock salt is zero.
This means that the behaviour is rate dependent even at very low stresses
and consequently a relaxation test would terminate in a stress-free state.

Normally every sample was used for only one relaxation test but there
were a few tests performed with several relaxation phases. One typical
curve is shown in Fig. 7. After discontinuation of the relaxation phases the
reloading curves always turn into the fictitious virgin stress strain curve. As
demonstrated by some tests, no difference can be perceived between
reloading following total unloading after relaxation and reloading follow-
ing the relaxation process directly without unloading. Relaxation phases
do not have any effect on the stress strain curve.

Immediately at the beginning of the relaxation a 1—3 percent increase
of the transverse strain was observed. After a rapid retardation of this pro-
cess the deformations turned back and partly reached negative values.
However, this must not be compulsorily an indication of volume contrac-
tion. Since the transverse strain is measured only at half height of the sam-
ple, the negative transverse strain may be caused by pure change of the
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Fig. 7. Typical stress-strain curve of a test with several relaxation phases (duration of relaxa-
tion phases between 1 hour and 9 days)

shape in that the bulge of the sample forms back with increasing lateral
strains at the upper and lower surface. In consideration of the small trans-
verse strains which only once exceeded 4 percent, it is assumed that stress
relaxation of rock salt occurs with constant volume.
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Creep Tests

An essential point of discussion is the question whether salt rock has a
steady-state creep phase or not. In a strict sense steady-state creep is
denoted as a flow with a constant strain rate which is stable and will never
end (Poirier, 1985). To simplify matters we will include the so called quasi-
steady-state creep which means creep with a minimum strain rate.

As mentioned before, a steady-state regime cannot be proven by a lin-
ear g-t-representation due to time scale effect. Figure 8 exemplarily shows
the é-t-curves of four creep tests under a stress of 20 MPa in a bilogarith-
mic diagram. Obviously, the best approximation would be a straight line.
This indicates a power law relation between strain rate and time. The most
important point is that a steady-state creep could not be observed in spite
of test durations of partly more than 200 days.
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10! 102 10° 10¢ 103 10% 107 108 10®

o= 20 MPq
1073

S |

Fig. 8. Creep tests: strain rate vs. time

This agrees with observations made by Lomenick and Bradshaw
(1969), where a continuously decreasing creep rate was measured even
after more than 3% years. Due to the immense importance which is attrib-
uted to steady-state creep not only in scientific investigations but also in
engineering practice, these results deserve particular attention. The
assumption of steady-state creep may be an admissible simplification with
the object of confining arithmetical problems for instance. However, in
publications the approximative nature of given test results and parameters
is mentioned very rarely and hence the impression arises that undoubtedly
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constant creep rates were measured regularly. As shown exemplarily by
Haupt (1988), this is not the case. An impressive confirmation is given by
Wawersik (1985), who reports on investigations about the dependency of
so called steady-state creep rates upon test duration. It could be ascer-
tained that the strain rate denoted as steady-state creep rate decreases with
increasing test duration. This demonstrates that the determination of a
steady-state creep rate based on creep tests is very problematic and that
creep deformations are overestimated in most cases.

5. Constitutive Law

Basing on the theoretical investigations and in consideration of experimen-
tal tests as well as corresponding published works, the following constitu-
tive law for rock salt is proposed:

& s

ij _ Sy ij
c (Ge’ Ee) O-O + r (O-ea ge) ’ (22)
where
3 o,\%-1
= — - B £

c{) 2 g, (O'o) (23)

is the creep function and

: D-1
r()=Age“B<oe) 4)
Oy

is the relaxation function. The variable o, is a reference value which is
chosen as o,=1 MPa. The constitutive law is linear in the rates of strain
and stress but nonlinear in the strain and in the stress. Since the approach
uses total strains, the determination of boundary conditions is not neces-
sary. Temperature dependency is not included because corresponding tests
were not performed. Moreover, the influence of confining stress could not
be investigated.

The decisive advantage against constitutive laws according to Eq. (19)
lies in the possibility to chose separate creep and relaxation approaches
(Egs. (23) and (24)) independently of each other. By using suitable creep
and relaxation functions as also material parameters, many conventional
constitutive laws can be deduced from Eq. (22). For rock salt the stress and
strain dependent functions according to Egs. (23) and (24) are chosen
which will be proved by analytical simulation of the laboratory tests.

If f=B, 6=D and A/« = E, the constitutive law reduces to a strain
hardening law with an additive elastic strain rate. In this case the viscous
strain rate agrees with that of Menzel and Schreiner (1977), (Eq. (12)). If in
addition f = B = 0 is valid, a power law for steady-state creep is obtained.
Hence, by Eq. (22) a very general formulation was found which represents
a big class of conventional constitutive laws being able to describe both
steady-state creep and as transient creep.
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Equation (22) agrees with a constitutive law for metals proposed by
Krempl and his co-workers (Cernocky and Krempl, 1979; Liu and Krempl,
1979; Cernocky and Krempl, 1980; e. g.), so far as Kremp!’s function g (&)
which means the creep limit, is neglected. However, Krempl’s law incorpo-
rates an elastic part since always a constant relation between creep and
relaxation function is assumed: r ()/¢ () = E. In addition, with g(g)=0
creep and relaxation function are merely dependent upon o allowing no
strain hardening approaches for instance.

By inserting Eqgs. (23) and (24) into Eq. (22) the following equations
are obtained for creep with §; =0 and &, =const.:

. S 3 —p| O 51 S
Ei=c()— =Tuag —; 2
y=eOZ=Fas (2] L (25)
and for relaxation with ;=0 and ¢, = const.:
S, o, D-1 S,
$.o=r()—L — _ge-B[ 22 il
y=rOL e (26)

In the following uniaxial behaviour will be regarded. Due to o, =0, £,= g
and s; =% oy the constitutive law can be written as

8"13 (o] 5 81 O =D .
w(g{)) =1+ 1 (00 Gy . @27
Uniaxial creep with 6; =0 is described by
. o7 \°
—ge-f{2L
& =g ( Go) . (28)
Using the creep time
a(B+1 [(o\°]!
t, = {——————ggﬂ < O'o) 29

integration of Eq.(27) with respect to time and the initial condition
&1 (t = ty) = ¢, yields the time dependent creep

1
=1 A+1
& =6, [(——t—"l + 1] (30)
and the time dependent creep rate
B
. 8a (t —_ t()) p+1
& = B+ 1z [ 7 + l] . 31

Correspondingly, relaxation behaviour with & =0 is described by

C1

c'71=—Agl‘B(?> . (32)

0
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With the relaxation time

A o \P] !
t, = [(D -1 o & (%) ] (33)
the time dependent relaxation is obtained as
1
t—t 1-D
o1 = 0, [(—7"—) + 1} (34)
and the relaxation rate becomes
D
. O, (t - tO) 1-D
6, = (l—D)t,[ C +1} (35)

where D>1. If D=1, the time dependency of stress and stress rate is
exponential,

Since the relaxation rate as well as the stress decrease monotonously
against zero, a completely relaxing material without creep limit is
described by the constitutive law.

The constitutive law incorporates six material parameters. 4, B and D
are determined by relaxation tests, «, f and 6 by creep tests as it will be
shown in the following.

6. Determination of Material Parameters

In order to enable a comparison between different approaches, material
parameters are determined not only for the proposed strain hardening law
but also for two conventional steady-state creep laws. For this purpose the
power law (Eq. (8)) and the hyperbolic sine law (Eq. (9)) are used because
they are very common in practice. Certainly, recent advances led to more
sophisticated models being able to characterize creep and relaxation as
well as transient and hardening processes. However, due to their compli-
cated mathematical formulation and their restricted range of application
these laws are not utilized for a comparison.

Strain Hardening Law

The determination of relaxation parameters for the strain hardening law is
done on the basis of Eq. (32) which can be written as

log (— &) = log (A £~ 5 + Dlog (g-) (36)

This equation represents a straight line in a bilogarithmic (— 6) — (o7 oy)-
diagram, from which the parameter D can be derived as the gradient. Con-
sidering the corresponding test results (Fig. 9) it can be ascertained that the
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gradients of the experimental curves behave rather homogeneously where-
as their position differs clearly. Hence, D can be given fairly exact. For
determination of 4 and B first the experimental curves are approximated

-0 (MPa/s)
10°
i € =0.005

2 ———-g=0010
10 [ — —€=0015
ot [ e =0020
1075 |
107% b——

-10 -~
10 [-// -~ |
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1 2 5 10 20 30
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Fig. 9. Stress rate vs. stress: comparison of measured results and theoretical predictions

Ac B [MPa/s ]
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Fig. 10. Diagram for determination of relaxation parameters 4 and B

by four straight lines to obtain four intercepts of the ordinate at log (o/ oy)
= 0 depending on the strain &. Subsequently, these values which are ade-
quate to A£~% are plotted in dependency upon &. Since this relation like-
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wise can be approximated by a straight line in a bilogarithmic graph (Fig.
10), Bis obtained as the gradient and A4 as the intercept of the ordinate. The
so determined parameters are: 4 =10-%* MPa/s, B=7.5 and D =15.0.

The creep parameters «, f and 6 are determined similarly. Due to scat-
ter of the creep curves f can be chosen as §= B =7.5. The other values are:
a=6.5-10"%/s and § =16.5. The rather small difference between D =15.0
and 6 =16.5 gives reason for the presumption that a further reduction of
the constitutive law is possible by using D = d. Indeed, the material param-
eters

A = 3-10-% MPa/s o =2-10-%/s
B= 60 B = 60
D =150 5 = 15.0

show satisfactory agreement with experimental results. The corresponding
calculated curves are depicted in Figs. 9 and 10.
Due to B=pf, D=0 and hence

cQ __3«

r() " " 24 37)
the uniaxial constitutive law reduces to
. o . 2 c
8—A0'+3c() o (3%)

This equation formally is adequate to the strain hardening approach with
elastic part (Eq. (12)). It has to be pointed out that the reduced equation
(Eq. (38)) is valid only for the rock salt investigated here. Generally,
Eq. (22) should be applied. It may be possible that the simplification
according to Eq.(38) cannot be maintained if increased precision is
required.

Power Law

In case of uniaxial creep the power law

. o \"
‘= E+Ap(o_0) (39)
reduces to
&= A (i> (40)
Op

Since this equation supposes steady-state creep which was not observed in
experiment, the determination of 47 and n has to be accomplished in an
arbitrary manner. This is illustrated by the fact that the time dependent
curves in Fig. 8 have to be approximated by a horizontal line. The approxi-
mations establish following values: 47 =1.4-10""/s and n=15.0. These
parameters agree very well with those given by Albrecht and Hunsche
(1980) for a temperature of 308 K.
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For relaxation with constant strain we obtain from Eq. (39)

6= —EAP <—C’—) . 41)
Co

Since the power law supposes relaxation processes to be independent of
strain, the stress dependent relaxation rates of Fig. 9 have to be approxi-
mated by one straight line with the gradient » and the intercept of the ordi-
nate of 47- E from which E can be calculated. Obviously, the given stress
exponent n allows only a very poor and arbitrary approximation because
straight lines with a gradient of 5.0 show significant deviations from the
test results in any case. Accordingly, Young’s modulus E can be chosen in
a range of some decades and may become completely unrealistic. For fur-
ther calculations E =20000 MPa is used (Fig. 9).

Hyperbolic Sine Law
The hyperbolic sine creep law can be written as
._ O shgi sh O
é=7 + A" sinh (B o0 ) 42)
For uniaxial creep and exp (2 B** 0/ g,) > 1 the following equation is valid:
A sh o1 sh o —~ ASh sh o
&= A"sinh (B Go) ~ 5 exp B o) (43)

This relation yields a straight line in a log (£) — (0/ op)-representation from
which the parameters 4°" and B*" are derived as A" = 1.4 - 10 ~'2/s and B*"
= (0.46. Under corresponding conditions the equation describing uniaxial
relaxation is obtained as

= sh oo sho— ,.V_AShE _vhd
g E A" sinh (B . ) ~ 7 exp B o ) (44)
By approximating the strain dependent experimental curves by one straight
linein a In (— g) — (o/ oy)-diagram E can be determined. Due to very poor
agreement E=20000 MPa is used again (Fig. 9).

7. Arithmetical Simulation of Test Results

A verification of the proposed constitutive law is accomplished by compar-
ing the relaxation and the stress-strain behaviour both with other constitu-
tive laws and with experimental results. Creep behaviour will not be dis-
cussed here in detail since the main subject of this work deals with relaxa-
tion behaviour. The considerable divergencies of creep curves predicted by
steady-state creep laws and real creep behaviour observed in laboratory
were already mentioned.
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Relaxation Behaviour

As shown above (Fig. 9), the stress dependent stress rates of steady-state
creep laws with a given stress exponent n are not able to agree suffi-
ciently with experimental data. Among others this is due to the fact that
in contrast to the strain hardening approach steady-state creep laws do
not incorporate strain dependency. However, real relaxation behaviour
shows a distinct dependency upon strain. This is exemplarily illustrated
by Fig. 11, where some relaxation phases of the test shown in Fig. 7 are

depicted.
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Fig. 11. Stress rate vs. dimensionless stress (gy=1 MPa) demonstrating strain dependency of
relaxation behaviour

For calculation of time dependent stresses and stress rates by
the strain hardening approach the initial stresses o, =f (&) are required.
Two representative pairs of values are used: o, (¢ =0.005)=13 MPa and
0,{(6=0.020)=20 MPa. The relaxation curves of the two steady-state laws
are strain independent.

For the power law we obtain from Eq.(39) with the condition
o (t = t)) = o, the time dependent stresses

.
oo, [MHT‘" 45)

124

r
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and the time dependent stress rates

o \"| (t—1 Titw
a’=—EAP< > [(—0—)+1J , (46)
Op 74
where
0o o\
P — (=) 47
g (n—l)EAl’(o‘o) “7)
Integration of the hyperbolic sine relaxation function (left part of Eq. (44))
with
Bsh o,
C; = tanh ( o ) (48)
and
sh 9o
tr - AshE (49)
yields
t— t,
1—-Cexpl| — P
- b 50
R T t— 1ty >0)
14+ Cexp| — oy
and
t— 1,
2 A"EC, exp ( S )
6= — - . (51
t—t,
1— Clexp ( -2 = )

Figure 12 shows the measured time dependent stress rates (plotted as
hatched domain) in comparison with curves calculated by Egs. (35), (46)
and (51). It is clearly seen that the real material behaviour is described
excellently by the strain hardening approach whereby in accordance with
the observations the strain dependency is not strongly marked. On the
contrary, the power law as well as the hyperbolic sine law exhibit distinct
deviations from real material behaviour.

This is confirmed by Fig. 13 where the time dependent stress is shown.
Stress relaxation described by the hyperbolic sine law (Eq. (50)) is nearly
completely finished in the not-too-distant future. This behaviour seems to
be very unrealistic. On the contrary, long-time relaxation may be simulated
sufficiently by the power law (Eq. (45)). However, both steady-state creep
laws are not able to describe the initial strong stress decrease and no
improvement can be achieved by variation of material parameters within
the limits of realistic values.
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Stress-Strain-Behaviour at Constant Strain Rates and Constant Stress Rates

By inserting B=f and D=0 into Eq. (27), a constant strain rate test with
£=¢. =const. is described by the strain hardening approach as follows:

D
G = —A—sc—Ag;B(i) t=5. (52)
o o)
Accordingly, a constant stress rate test is given by
[24 5 d-c d
_ o g .
&=~ o, +ae Pt <O'o) (53)

These equations require numerical solutions.
A steady-state creep law basing on Eq. (19) may be rewritten for a con-
stant strain rate £, using the chain rule as

(1 - %g—z) é = c (0) (54)

(Cernocky and Krempl, 1980, e. g.). Since this equation must be valid for
all &, there must be
60 _
dSe
for =0, where ¢ (o =0)=0. This means that the material initially behaves

linear-elastically independently of the strain rate. If ¢ (o) reaches a value
¢ (o) = &, there is

(35)

lYej

—=0. 56

Se (56)
Accordingly, at a certain stress the slope of the stress-strain-curve becomes
zero. The corresponding strain rate dependent stress which cannot be

exceeded is given by
1

g )" 57
0'=0'0<Ap 57

for the power law and by

o = 3 arsinh (jgh) (58)
for the hyperbolic sine law.

The calculated o-values compared with the measured stress-strain-
curves for constant strain rate (€ = 4 - 10 =°/s) are shown in Fig. 14. The
curve basing on the strain hardening law is lying exactly within the scatter-
ing of the test results. On the contrary, steady-state creep laws show signifi-
cant deviations from real behaviour. They describe almost linear-elastic/
ideal-plastic behaviour whereby absolutely unrealistic stresses of about
40 MPa for the power law and more than 120 MPa for the hyperbolic sine
law are reached.
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Fig. 14. Stress vs. strain: comparison of measured results and theoretical predictions

8. Conclusions

It was shown that conventional constitutive equations for rock salt have
considerable imperfections and hence are not able to simulate real material
behaviour sufficiently. Moreover, only few of the great number of existing
constitutive laws could be carried into practice. For instance, essence and
purpose of equations incorporating up to 20 parameters or of those with an
extremely restricted range of application seems to be doubtful.

A decisive lack in salt rock research was the negligence of relaxation
characteristics. Among others this was due to the opinion according to
which relaxation behaviour can be unambiguously deduced from creep
behaviour with the help of atomic process theories or by rheological mod-
els. However, this hypothesis is mainly disproved by the results of the
relaxation tests described above.

The use of steady-state creep laws is often justified by the observation
that long-time creep and relaxation behaviour sufficiently show agreement
with test results whereas initial behaviour is of no importance for practical
purposes. Indeed, the long-time relaxation behaviour can be described
fairly good by the power law, as shown by Fig. 13. However, extremely
restrictive conditions, as given in creep or relaxation tests, cannot be found
in situ. Hence, the quality of constitutive equations may not be estimated
on the basis of results of a single test type. Constant strain rate and con-
stant stress rate tests for example require the co-operation of creep and
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relaxation processes and in this respect represent in situ conditions much
better than creep or relaxation tests. But just the post-calculation of these
tests show a significant superiority of the strain hardening law compared
with steady-state creep laws.
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