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ABSTRALT

To describe the vivcozse malerial behavior of rock sait interna-
tional lfterature recommends congiinative laws which markedly
differ not only in the paramelers quaored bur also in the basic theo-
retical statement. The alfernative use of several consiiturive laws
iri profect design can lead to vast differernces in the predicted long-
term behavior of a storage cavera in the rack salt mass and so to the
JUESHnn 03 {0 which canstitutive law formulation can produce u
realistic estimation of viscose displucements even with extrupuia-
tions ever longer pertods.

To clartfy this question. srep loading fests have been carried our
at the Institute for Underground Construction additioneal 1o the
usual creep tests ar constant stress. These step loading rests were
run hoth with tacreasing as well ay decreasing deviatoric stress,
This paper shows thai the creep behavior measured under con-

stant stresy can be descrihed by afmost all consvitulive laws with
appropriate parameler selectipn. With extrapolations heyownd the
luboratory test time, large differences in the predicted viscose dis-
placements occur, even with these simple boundary conditions.
However, alréady within the lnboraiory period large differences
aecur if step ldding ests with load increase vr load decrease ure
recaleniared using various constituive laws. Onky few laws prove
suitable.

Additianal to these camparison fests the results of creep tests
under triaxial extenyion stress conditions using uxiolly perforated
sumplas are firstiompared ro those ebtained from theorétical con-
stitutive laws. Dueto the change i the peomeiriv conditions of the
sample more posyibifites of consiitktive low Tdemtitication for
rock salt on the basis of laburutory tests are produced.

INTRODUCTION ANI AIMS

Over the last few years, the construction of underground
cavities in rock sait has become increasingly significant, in
particular because of public discussions on the possibiiity
of using salt domes for the final disposal of radioactive
waste. This interest has been reflected in the appearance of
ngmerous research projects and publications. In addition
to this particular use of sali mines in the future, the con-
strizction of underground cavities in sali deposits is cur-
rently important for the recovery of rock sait and potash in
conventional mines. The construction of salt caverns by
solution mining is also significant, on the one hand ag an
alternative techaigue for the recovery of rock sak, and on
the other hand to provide underground cavities for the
storage of liguid or gascous products, e.g., natural gas. In-
dependent of the specific application of the cavity, a funda-
mental requirement is placed on the operatar ta design the
cavern ie such a way that public safety is not endangered,
and to ensure optimum utilization of the deposit from the
point of view of economics. Furthermore, it is also desirabie
ta be able to develop an optimum design from the viewpaoint

of operating costs, while considering boundary conditions
specific to the project. '

A prerequirement for a rock-mechanical design process
which satisfies these objectives is the development of theo-
retical models relating to the characteristics of cavity con-
struction and operation in rock sakt. These models can
form the basis of both reabistic and well-founded predic-
tions of the mechanical behavior of the rock mass, [ollow-
ing comparison and verification with field observations. A
major area of research currently taking place at the Institur
fir Larerirdisches Bauwen (LUB) of the University of Han-
over is focused on the development of such models (Lux,
1983 and Heuserrpann, Lus and Rokahr, 1982),

In addition to the determination of rock mass stresses, a
rock-mechanieal design also reyuires estimation of the
rock deformation to be expected—particularly from the
point of view of possible local o progressive creep failure
of the rock and/or the long-term usability of the cavity, A
prereguirement of such a prediction is the formulation of
a material faw that is able to describz the viscous behavior
of the in situ rock salt under consideration of the in situ
stress and temperature. Based on laboratory tests, a4 num-
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ber of widely differing formulations have been propased in
the Hterature. However, their application in project plan-
ning leads to considerable differences in the predictions
obtained, according to which fovmaulation is nsed, and
thus feads to considerable doubtis on the degree of confi-
dence which one can attach to the use of theoretical mod-
els for such purposes. 'This, then, led to the guestion of
whether laboratory lests-—which have the advantage over
field iests of guaranteeing clear geometric and stress test
conditions—are able (o indicate a preference for any par-
ticular formulation.

The fotlowing paper describes a comparative investiga-
tion in which five qualitativeiy different formulations of the
material laws were considered. Becanse the material pa-
ramerers quoted in the literature were determined for dif-
ferent types of rock salt, and furthermore, since their detey-
mination is influenced by the respective test conditions in
cach of the investigations, their comparison appears mean-
ingless. For this reason, based on a set of creep curves, the
parameters were determined once again for all five formu-
fations under consideration. followed by a comparison of
the measured and the calenlated creep strain and creep rate
for each of the formufations, not oply considering creep
tesrs with constant load over the usual timeseaies of labora-
tory tests, but also extrapelated to longer times, and con-
sidering additional creep tosts with step-wise stress increase
and stress decrease, Farthermore, the resulis of ereep tests
on samples with axiad holes are discussed, rogether with
eomiments on their signiticance for the verificatlion of the
suitability of particulur formulations of the marerial laws.

ALTERNATIVE FORMEULATIONS OF THE
MATERIAL LAWS

The {ollowing material laws were considered in the fol-
lowing comparative investigation:

1. Material law according (o Borest/ Decre {1963}, {time
hardening):

ét=m-a-pP 0 ()

i

. Material law according 1o Menzel/Schretner (1977),
{strain hardening):

é{e') = a* .gi:;*.({;)“n (23

3. Material law according w Odgvist/Halt (1962},
{total strain theory):

i

|

a-g7 {3a)

e

e(ty=eilo ) +a-of-t {3b

4, Material law  according @ McVeriy/Hunsche
(Hunsche, 1981). (additive superposition of the tran-
sient creep rate with time hardening and a constant
secondary creep rate):
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y=b-m-e”™" exp{—Q/RI} - o]
waexp{~Q/RTy- o0t (4a)
)= h-exp(-Q,/RT) ¢ (1 —e ™"
+a-expl—Q,/RT)-a¥ -1 {4b)

S, Material law LUBBY 2, (Heusermann, Lux, and
Rokahr, 1982), (additive superposition of the tran-
siend creep rate with time or strain hardening and a
constant secondary creep rate):

eff) =
DUNLEURY S S 4% WU —— -5,
[ Iaeled TN mtey) 3 o) J
{5a)
or
eleg) =
i ! &, 3
: — 1= 3Gl + ]-0‘,
3axle,) ( d, . ) 3pale)

(Sb)

The influence of temperature can be taken account of in
Formulation 3 either by carrving out the tests ai the corre-
sponding in situ rock temperature or by investigating not
ondy the stress dependeney but also the temperature de-
pendency of the material parameters Gy, g, and g,,.

It is important 1o he aware of the fact that the
parameters used in the gbove five formulations are not
necessarily identical even # the same abbreviations are
used. ‘Fhis is particularly frue of the pre-factors, For ab-
breviation i is defined:

Iy = T, 3Gk = Gy, 3 = g (5¢)

LABORATORY FACILITIES AVAHL.ABLE
AT LUB

The laboratory equipment available at LUE, which is
installed in two controlled-environment rnems, can be
seent in Figures | and 2,

A servo-hydruulically controlled triaxial press, which is
designed for a vertical load of up to 2500 kN is ilustrated
in Figure 1. The high pressure celt allows a pressure of up
to 50 MDa to be applied to the sample. The apparatus
accommodates samples with dimensions of up to h = 230
mm and 4 = 100 mn, but generally the dimensions of the
samples investigated weee h/d = 180/%0 mum, The vertical
pressire can either be regulated in proportion to the load,
strain or deformation of the samples. In addition fo uniax-
ial compression tests (1C), wriaxial compression tests {T()
and triaxial cxtension tests {TE) can also be carried out.
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Fignre 1.

The deformation was measured with - inductive trans-
ducers (LVDT). The results were then piotted as foad-dis-
placement or displacement-time diagrams. The nieasured
values were Simultancously digitulized and fed into a
microcompater for further processing.

The available creep rigs, which are also servo-hvdrauli-
cally controlled are shown in Figure 2, Two creep rigs are
available for tests at soom temperature, cach of which can
accommodate up o five samples simultaneausly, in order
to be able to generate sufficient data for evaluation im a
relatively short period of time. Generally, three samples
were investigated simultaneonsly,

During creep tesis, the load is regulated in accordance
with the deformation, in order to guarantee a constant
stress over the duration of the test. Two special creep rigs
are also available for use at temperatures of up to +230°C
and down to —807C. In the temperature range of approxi-
mately -+50°C to —80°C, the deformation can be recorded
as pefore with inductive transducers. At higher tempera-
tures, it is necessary Lo measuré the deformation by usinga
spevial optical system. Data acquisition tock place via a
multi-channe! recorder, which generated a printout and

- Triaxiab press in Laboratory 1 of Lhe Institate for Underground Construction.
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simuttfaneously fed the digitalized parameters to a micro-
cornputer for further evaluation.

CREEP TESTS AND PROCESSING
OF THE MEASURED DATA

Data from two uniaxial multiple-stage creep tests of
rock sait from the Asse mine were used for the purposes of
the comparative investigation under consideration. The
salt samples were fine to medium crystalline rock salt of
the Stadfurt series (Na 23, and were without impurities and
without marked crystalline orjentation. The umaxial com-
pressive strength of this material was o, = —27 MPa.

Figures 3 and 4 show the creep strain ¥ and the creep
raie €* for both samples in refationship to time, as obtained
via creep lests with step-wise stress increase: The creep
strain is plotted with a linear scale and the creep rate is
plotied with a semi-loparithmic scale. Siress steps of ¢ =
12, 14 and 16 MPa were used for rest no. 5/1 and stress
steps of @ = 16, 18§ and 20 MPa for test no. 272, (Note that
in the following analysis, for reasons of simplicity, values
for stress and for the resulting strain are both considered to
be positive in sign). The time duration of the steps was not
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Fignre 3. Multi-stage creep test AS-5/1.
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Figure 4,

constant--it lay between 700 and 1,000 h. The test tern-
perabure was 295 °K and the air humidity approximately
40% . The vertical load was regulated to maintain a con-
stant stress o in accordance wirh the deformartion of the
samples. The strain observed for approximately 10 min
during the loading phase, which is considered to be of elas-
toplastic origin, has akleady been climinated from the
values for total strain,

The creep curves show a strongly overlinear increase of
the creep strain in reletionship to the vertical stress ¢ (Fig-
ures 3 and 4). Furthermore, it can be seen from the curves
that an initially relatively large creep strain occurred overa
short period directly after the load step. The increase in the
ereep strain then dropped steadily in the following days.

Consideration of the creep rate ¢° allows a more detailed
understanding of the creep behavior, It can be seen that di-
tectly after the load step, a very high creep rate occurs ini-
tially, then drops rapidly, reaching & more or less constant
value after approximately 20 days. Sharp steps in the
curves that can sometimes be observed ar relatively low
creep rates (in the range of ¢ < 31077 1/h) are not only
due to the effects of small temperature changes, but also to
the measuring method used: with a measuring accuracy of
107" mm and a minimum sampling frequency of 2/4,
determined by the multi-channel recorder used, the defor-
mation ithat takes place in the thus predetermined time in-
terval of 12 k are of the same order as the maximum resolu-
tion of the measuring systemn. For this reason, it is planned
to modify the measurement system in the future, so that in-
stead of deformation being measured in a pre-determined

Multi-stage creep test AS-2/2,

time interval, the total time that is required for a pre-deter-

mined degree of deformation is measured.

In addition to the creep strain angd the creep rate, Fig-
ures 3 and 4 also show the estimated minimum creep rate
for each of the load sieps. The minimum creep rate is con-
sidered 1o be due to secondary creep. Because of the ocea-
sional steps in the curves, the so-determined values for sec-
ondary creep rates must be considered with a degree of
teserve.

In order to allow further evaleation, it was first necessary
to resolve the continponsly measured, three-stage creep
tests with step-wise load increase into three individual tests
at constant Joad. In order to do this, it was assumed thal
the total strain due to transicnt creep in each load step re-
sufts from the additive superposition of the transient creep
strain component of the previons Joad steps and that of the
present load step (Figure 5 ihustrates the method used).

As a simplification, it was assurned that the transient
creep phase of the previous load step was akeady finished
ar the start of the new step. This condition is reached when
the creep rate reaches the minimum value £, In the case of
tests where each foad cycie is of extended duaration, and the
secondary creep has reached a constant minimum value,
the time when the transient creep phase has just finished
must first be determined. The transicnt creep component
due to load step i can then be determined from the total
ereep strain e¥ {£) ar this rime with the help of the relation-
ship

N e W ()
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Figure 5. Resolution of mulii-stage deformation tests into in-
dividual tests at constant load {example}.

where

£h; ™ transient creep strain component due to load
step i
e¥{t) = total ereep strain at time t
gy = secondary creep rate due 1o load step 1
t...i = time point of stress change (load step 1)
€11 = secondary creep strain due to all previous load
steps 1 toi — 1.

In accordance with the material law Formulations (3) -
(8}, the above assumes that the transtent and secondary
creep components always combine additively.

In the case of the second and third foad steps, it can be
seen that in addition to the transieni creep component due
ta rhe present load step, it s also necessary to estimate the
time point of the start of the test (Aty, In Figure 5). inorder
to do this, it was assumed that the transient creep can be
approximated by a KELVIN model (Herrmann, Wawer-
sik and Lauson, 1980):

€l T Eirm | § XL —E - 1)) {7}

where
Crm — & t'f’!éx {7a)
£= Gy (7o)

For the ¢ — t; coordinaie system of the i-th lvad step, it
is then necessary to determine the fime t = Ay ; when the
teansient creep strain has reached the value ¢}, ;-;. In
order to do this, the iimiting conditions:

= Arﬂ.i E :r = e:rm_i-" ;

are inserted into Equation (7}

Efrani 1 ™ Epa i1 XP {0 Bt} (&}
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and then selved for & 1 ;:
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The viscosity parameters Gy and pg can then be deter-
mined from the relationships:

Gy = 01/ ¢}een (10}
'Ev‘ ..... é\r' ",
szGK't.:’ln(M) (11)
% Eopo

Note that time t must include the component Aty. Since
the shape of the creep curves shows that Aty is relatively
smalil for the tests under consideration. it was approxi-
mated 0 Aty = 6.2 d for all load steps.

With the help of the assumption just outlined, the indi-
vidual creep curves are thus resolved from the three-stage
deformation tests with a siep-wise foad increase (for
stresses of o = 12, 14, 16, 18 and 20 MPa), as seen in Fig-
ure 6. Creep curves determined in this way were then used
to determine the material parameters for each of the five
Material Laws quoted previously. The following only de-
scribes the general method. More details are contained in
Junge {19833

PARAMETER DETERMINATION
Preparation

Material Laws 1-4 express the stress-dependency of the
creep rale as a power Jaw. Investigations on the creep
mechanisms responsible for the macroscopic creep strain
indicate that at a stress of 5, = 16 MPa the dominant def-
ormation mechanism changes from dislocation climb io
disivcation glide (Atbrecht and Hunsche, 198G}, However,
only a power law is suitable for dealing with dislocation
climb.

A value for the stress exponent of n = 6.5 was deter-
mined from the secondary creep rate curves for the entire
stress range from o = 12 to 20 MPa. However, a separate
determination for the stress range from o = 12 to 16 MPa
and from o = 16t 20 MPa indicated values for the stress
exponent of n = 4,92 and n = 9.28, respectively. Thus,
the generally accepted value of n == 5Sis appropriate for the
stress range below 16 MPa, whereas a considerably larger
value should be used for stresses above 16 MPa. For this
reason, only the stress range from a = (2 to 18 MPa will be
considered in the following discussion. Furthermore, 2
value for the stress exponent of n = 5.0 will be assumed for
ali material laws.

e PR .
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Material Law According to Boresi/Dieere

In accordance with Equation {1}, the Materiai Law from
Boresi/Deere requires determination of the stress expo-
nent 1, the time exponent m and a pre-factor . The stress
exponent has already been pre-defined abave (n = 5.0}
The parameters m and a can then be determined for the
three load steps from the relationship:

e¥ == g% . pm (12}

with
a¥=g-g°¥. (12a)
The parameters a* and m can then be caleulated from the

pairs of values ({/¢*) for the individual creep curves via
potential regression analysis. o* was then converted to «

423

with the help of Equation (12a)., The results were then
averaged to obtain the final parameters, which were:

a= 3910 "MPa= - d " m=0.12;n =50
Material Law Aceording 1o Menzel/Sclhyeiner

it can be seen from Equation {2} that it is necessary fo
determine the parameters a*, n® and p. They caa be di-
rectly caleulated from the parameters already determined
for the Material Law from Boresi/Deere {Menzel and
Schreiner, 1977):

i
pr= 1= 733
I

n¥xa-(p -+ 1) = 41.67

1
339;;_: M__._l ap-»i _— }011 . “-} Tt Mpawiﬂ.s’r‘-d_
gt

Material Law According to Odgyist/Hult

Equation {3) shows that it is necessary to determine the
stress exponent 1, the pre-factor 2 and the stress-dependent
strain component due to transient creep. The stress expo-
nent has alrcady been determined (n == 3.0). The pre-factor
can then be obtained from the relationship

£5 .
a= — (13
Uﬂ
using the secondary creep rates quoted in Figure 6. Equa-
tion {13} indicates an average value for the pre-factor a of
was then chosen for the transient crecp component:

€Y = a¥ - g, (14)
analvsis of the pairs of values (o/e].. ) indicated a value for
the exponent of n* = 4.5, The average pre-factor a, deter-
mined via the relationship

at = el iot {142)
wasa* = .79 1078 MPa— 45,

Material Law According to MeVetty/Bunsche
Eguation (1) shows that the Material Law from McVetty/
Hunsche requires the determination of & total of 7 parame-

ters. The activatlon energies £, and Q; can only be deter-
mincd by tests ot different temperatures, A valuefor Q) =

R P B P R T L
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(Qy = 4.5 keal/mol = 6.117.10% J/mol, as determined
by Heusermann (1983} from temperature change tests on
the same material, was used. According to Albrecht and
Hunsche (1980}, it can be assumed to a good approxima-
tion that Q, and Q5 have the same value. Since this mate-
rial law, toa, expresses the stress-dependency of the creep
rate with a power law, the stress exponent of the secondary
creep rate has been set to n; *= 5.0. The stress exponent for
the transient creep rate corresponds to the value previously
determined above, i.e., 1y = n¥ = 4.5, The parameters ¢
and b can be simply determined hy comparing the coeffi-
cients with the pre-factors determined for the material law
from Odgvist/Hult, However, Eguations (b} and (4b)
should be used for this purpose, This indicates that the pa-
rameter a = 1.524 MPa~30.4", and b = 9 - 103
MPa 45,

Finally, the parameter m must be determined. A com-
parison with the Material Law LUVBBY 2 shows that the
decay behavior of the transient creep rate can be expressed
by the same exponential law. The parameter m is thus

m= Sk, {15)
nx

The parameters Gy and 9g were determined in the next
section. Evaluation of Equation (15) for the stressrange ¢ =
12 to 16 MPa yields an average valuem = 0.5d~.

Material Law LUBBY 2
Equations {3a}-(3c) assumes that the stress-dependence
of the creep rate can be expressed as an exponential law,

and thus the required parameters can be determined for

parametersin the following equations must be determined:

;?“M - ﬁ:ﬁ Lpmea {15a)
E}K:‘, aﬁ-ekl"’ (iSb}
T =Tk eky o (15¢)

The parameters 73y and m in Equation (15a) can be direct-
ly determined from an exponential regression analysis of
the pairs of values (0/ %), The Maxwel viscosiries 9y can
he obtained from the secondary creep rates quoted in
Figure 6 via

- ]
=

a. {16)

&
Regression analvsis then indicates:

=121 108MPa-d; m = —~3.27- 10~ ! 1/ MPa.

Sixth Internationai Symposium on SaH, 1383—Vol. {

In order to determine the parameters G¥ and k, in Equa-
tion (15b), it was first necessary to determine the strass-
dependent Kelvin moduli Gy They can be obtained from
the relationship

a

Gy = (mn

o
where the corresponding total transient strain ey, can be
obtained from Figure 6. The required parameters can then
be determined via exponential regression analysis:

In order to determine the parameters %y and k; in equation
{135¢), it was first of all necessary to determine the stress-
dependent Kelvin viscosity madusti 7. They can be obtained
from equation (11}, after inserting the pairsof values{t/ef,)
for the individnal creep curves, obtained from Figure 6.
The respective average values gk (o) were then used in an
exponcntial regression analysis, vielding the values:

*
g = 4.98 . 10° MPa - d; k; = ~2.67- 107! 1/MPa.

However, solelv considering the stress-dependency of the
Kelvin viscosity moduli does not allow a satisfactoty de-
scription of the shape of the creep curves, particularly at the
start of transient creep. According to Heusermann, Lux
and Rokahr (1982) it is also necessary to consider the time-
dependency of the Kelvin viscosity moduli. It can be de-
scribed by a power law of the form

i la.t) =g ™ {18)
with

T (o) = 7 e, (18a)

The time-dependent Kelvin viscosity moduli 5y {t) were
determined for each test. The parameters 7% and m can
then be determined by potential regression analysis. Tests
AS 2-2/2 and AS 2-5/1 indicate an average value for the
time exponent of m = .66,

The individeal values lay in the range m = 0.53910 3.74,
The stress-dependence of the Kelvin viscosity moduit can
be expressed via equation (18a). The parameters 7 5 and
k3 can be deternuined with the help of exponential regres-
sion analysis from the stress-dependent 7 values. Regres-
sion analysis then yielded the following values:

7= 2,51 10°MPa-d; k, = —2.85- 10~ 1/ MPa

T AT T R S e ot
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SIMULATION OF LABORATORY TESTS

Cemparison of Calculated and Measured Creep Behavior
with Constant Load

With the help of the material parameters determined in
the previous section (Bquations 12 through 18} the creep
behavior, as calculated from the various material laws,
may be compared with the measured cteep behavior ob-
tained from the deformation tests, whereby Figures 7 and §
compare the creep strains ¢¥, It can be seen that apart from
the imitial part of the curve directly after the load step, all
theoretical material laws are able {o satisfactorily describe
the creep strain measured in the laboratory. This is partic-
ularly true of the Marerial Law LUBBY 2, which covers a
strain range of ¢ = 12 to 20 MPa.

The Material Faws according to Boresi/Deere and
Menzel/Schreiner also vield pood resuits in the initial
curve region, The Material Law LUBRY 2 can be consid-
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Figure 9.  Comparison of measured and caleulared creep rates.

erably improved by including a time-dependent compo-
nent far the Kelvin viscosity modulus (see Equation (18)).
No particular preference can be seen for any of the mate-
rial laws, even if the creep rates illustrated in Figure 9 are
compared. However, Fgure 9 shows even more clearly
that the Material Laws from Boresi/Deere and Menzel/
Schreiner, which indicate identical creep rates and/or
creep strains under constant load conditions, are best able
to describe the decrease in creep rate and thus the creep
behavior in the initial region. However, when constdering
longer time durations, this initial region is only of minor
importance,

Extrapolation to Longer Times

Significant differences in the calculated creep behavior,
however, are indicated if an extrapolation to thmes longer
than the test duration of approximately 40 days is under-
taken. The creep strain for up to 2000 days for siresses of
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Fignre 10, Extrapolation of creep sirain to longer time peri-
ods—conparison of various formulations.
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¢ = 12 MPa and 14 MPa are shown in Figure 10, While on
the one hand the Material Laws from Boresi/Deere and
Menzel/Schreiner indicated in principle identical resulis
(although small deviations are apparent in the curves as a
resule of numerical iteralion}, and on the other hand the
Material Laws from Hunsche, Odgvist and LUBBY 2 also
vielded similar resulis following exirapolation, the two
sets differed considerably. This indicates, for example,
values for the creep strain of ¥ = 0.23% and 1.1%, re-
spectively, at a srvess of ¢ = 12 MPa. The corresponding
calcutated creep rates vary by a factor of approximately
16. These considerable difterences are related to the re-
spective theoretical bases of the formulations: whereas the
Material Laws from Boresi/Deere and Menzel/Schireiner
assume a continisous hardening, leading to 4 continuous
decrease in the creep rate, the other material laws assume
the additive superposition of a transient creep component
will decreasing creep rate and a sceondaty creep compo-
nent with comstant creep rate. The fact that Figure 9 shows
similar creep rates for all fermudations, particularly to-
ward the ends of the curves, is due to the method used fo
determine the parameters which is related to the actual
fest duration. However, following extrapolation, the creep
rate reduces still further for the formulations assuming
hardening, whereas with the other formuiations the creep
rate remains nearly constant, thus leading to a consider-
ably greater increase in the crecp strain,

Comparison of the Caleulated and Measured Creep Behavior
for Multi-Stage Tesls with Step-Wise Stress Tncrease

Further differences become clear when the formufa-
tions are used to predict the creep behavior with step-wise
change in stress. This has afready been mentioned by Penny/
Mariott (1971}, The resuits of the theoretical calculation
of the step-wise stiess Hicrease tests AS 2-2/7 are shown in
Figures 1l and £2. The test daia are shown in Figure 3.

The creep strain and creep rates predicted with the
Material Laws from Boresi/Deere and Menzel/Schreiner
are shown in Figure 11. In particular, this figure clearly
shows the gualitarive difference berween the assumption of
thne hardening and the assumption of strain hardening. In
the former case, it is assumed that hardening is dependent
on the total elapsed time. Following a stress change at time
t; from stress o to sitress oy, formulations based on time
hardening predict the same creep rate at timest > {y asthat
due toa constant load test with a stress o at the same fime .
The creep rate is thus akeady strongly reduced by the
hardening, which is dependent on the total elapsed tine.
The increase of the creep strain afrer the load change is thus
small, Therefore, the observed increase in transient creep
following the load increase is incorrectly deseribed. In con-
trast ta this, the assumption of strain hardening leads o a
renewed strong increase in the transient creep after the load
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Figare 11, Calculated and measered creep behavior for muli-
stage tests,

step. because in this case, the creep rate is dependent on the
total creep straia up ro that point. Following a load increase
fram ) to o, at the time 1, the creep rate at time point t > 1
is thusthe same as that indicated by the creep strain for the
liigher stress o, at the time point of the load change.

A comparison with the measured values for creep rate
and creep strain shows that following the first load step. the
assumption of fime hardening does not lead to a good corre-
latfon between the caleulated and measured creep hehavior,
whereas the assumption of strain hardening does yield a
gaod correlation, both for the creep rate and for the creep
strain.

For the purposes of comiparison, Figure 12 shows the
creep hehavior caleulated with the other marerial faws.
Due to the secondary creep component, which is con-
sidered in the same way in ol material laws, the ereep rates
show good corrclation, with the exception of the rransient
creep region, However, the creep strain does not always
correlate with the laboratory measurements, because the
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Figuwre 12. Calculated and measured creep behavior in muolti-
stage fests,

transient creep component still dominales in the time scale
under consideration.

As with the Material Law from Boresi/ Decre, the Mate.
rial Law from Hunsche, which similarly assumes fime
hardening for the transient creep behavior, also indicates
a valze that is too small for the creep strain after the firsy
load step: although the iatter formulalion indicates a
higher value than in the Formulation from Boresi/Deere,
because it also contains a component for secondary creep,
the indicated creep strain is stifi much too small. The same
is true for the Material Law LUBBY 2, under the assunp-
tion of time hardening, which vields practically identical
results, despite the ditferent assumption for the stress de-
pendency. Although the Material Law from Odgvist does
ot yield a good correlation with the measured creep rates
in the transient creep region, the creep strain is generally
very well desceibed, because the frapsient creep compon-
ent is considered for each load step.

The best correlation with the laboratory measurements
wis abtained with the Material Law LUBBY 2 under the

v

assumption of strain hardening (Equation (3b)). Both the
change i the ereep rale and the change in the creep strain
are well described. The advantages of the initally phe-
nomenologically-developed  stram  hardening  theory,
which hecame apparent during the comparitive investiga-
tions, can also be jusiified with the help of dislocation
theory {Langer, 1980).

Generally speaking, # appears that only material faws
which assume strain hardening are sultable when simulat-
ing the effects of stress increases. However, when exirapo-
lating this conclusion to jong-term convergence calenia-
tions, it should be remembered that the transient creep
component continuously decreases in importance in com-
parison o the secondary creep component, and thus con-
sideration of lransient creep in the case of long time dura-
tions has only 4 low significance. In contrast to this, when
simulating fleld tests of a relatively short duration, the
transient creep has a considerably greater cffect,

Multi-stage Tests with Step-wise Stress Decrease

Because, under in sire conditions, not only stress in-
creases but also stress decreases can occur, e.g.. in the case
of an increase of the internal pressure in a cavity, it is also
impurtant to know how the rock salt behaves under such a
load testory. and to investigate the accuracy of correlation be-
tween the calevlaicd and measured creep behavior. Penny/
Mariott (1971) quote gualitative information on the be-
havior of various matertal taws with decrease in stress. The
first investigations specifically dealing with tock salt were
carried out by Herrmann/Lauson {1981). In addition to
this, Hunsche (1981) and Heusermann (1982) have inves-
iigated the theoretical determination and interpretation of
the creep behavior observed with rock salt in laboratory
tests with step-wise load decrease. Most of the creep tests
were two-stage, where a stress of ¢) during the first stuge
was reduced to oy in the second stage. For example,
Hunsche (1981} describes the strain ¢¥ resulting from a
stress change from ¢ = 12 MPa to 5 = 8 MPa. The
tesuits are shown in Figure 13

[t can be seen that, following the load decrease, the creep
rate soon reaches a value which remains practically con-
stani over the relatively long test duration of approximately
200 days. Furthermore, the creep rate observed was consid-
erably jower than the secondary creep rate to he expected
fur a stress of oy = 8 MPa. This very surprising result,
which is contradictory to expectarions, is not indicated by
the material laws discussed above, For this resson, Hunsche
{1982} assumes that a stationary creep situation oceurs di-
rectly after a load decrease to a new siress o5, with a con-
stant creep rate that & considerably lower than that at-
tained following a load increase to the same stress os.
Alihough this hypothesis appears initially plausible, it has
a disadvantage in that the secondary creep rate, both in lab-
ofatory measurements and also theoretically, is dependent
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Figure 13.  Mubkti-stage test with stress reduction, from Hunsche
(1981).

on the prior foad history—a consequence that confradicts
the inferpretation of stationary creep via the theory of
dislocation mechanistis.

Herrmann/Lauson (1981) and Heusermann (1982} thus
assume that the load history has no influence on the sec-
ondary creep rate related to a particular stress level. Fur-
thermore, it is assumed that by analogy to the method used
to interpret creep tests with step-wise load increase, in the
case of load decrease too, the total creep rate €Y can be sep-
arated into two additive components. However, in contrast
10 the tests with stress increase, the transient creep com-
ponent £ should be sef negative in sign, whereas the sec-
ondary creep component remains positive as before, in
order to reflect the results of laboratory measurements,
which show that the creep rate directly after the load reduc-
tion is initizally much less than the secondary creep rate cor-
responding to the new stress level ay. Accordingly:

Fltz ey =—éh+ el (19}

The following analysis considers a two-stage creep test
with a stress level of oy in the first stage and a stress reduc-
tion of ¢y to o, in the second stage. Figure 14, which shows,
in addition to the applied stress o(t}, the gualitative change
in the creep strain ¥ with time, s based on the limited lab-
oratory data available, as interpreted by Equation (19} with
respect to the sign of the transient creep component. Fol-
lowing the stress decyease to o, at point B (thme £ = ),
curve section BC, with increasing creep rate, can be consid-
ered to he transient creep. A constant secondary creep rate
€. Is then attained at time ¢t = 1y, the corresponding creep
strain being related to the new stress o, {curve section CD).

Assuming, in principle, a continueus additive superpo-
sition of transient and secondary creep as expressed in

Sixth interngtionaf Sympasium on Seit, 1982—Voi |

| . D
-7 e
P -
(Gyh o -
- Iv]
/f __4"‘ -
- -
~ - C G
E ?
B - :
' - 3
" - 1
G. -
j e G »G,
- ;
-
<G i :
e 2 ! |
Al ; ' -~
[ tg t

Figure 14. Two-stage creep test with stress reduction (example)
above: applied stress, below: resulting creep sirain.

Equation (19}, the material laws expressed in Byuations
{3, (4) and (5} can also be used to describe the creep be-
havior following load decrease after changing the sign of
the transient creep component, since they are based on the
same fundamental idea, aithough they were developed
from tests with step-wise load increase. However, formaia-
tions based on tirae hardening for the fransient creep com-
ponent have the disadvantage that, even for a solely quali-
tative agreement with the obscrved creep behavior follow-
ing the load decrease, they require the introduction of anew
local coordinate svstem with origin corresponding to the
timepoint t,. of the load step. This is necessary in order to
ehiminate the additive effects of material hardening which
has taken place prior to that peint in time. However, an
assampiion of this nabure contradicts fundamental consid-
erations relating to dislocation theory, and is solely based
on empirical considerations.

For this reason, In the following, the creep behavior fol-
lowing the load step will be described solely with Material
Law LUBBY 2 (Equation (3b}), which is based on strain
hardening for the {ransient creep component. In conjone-
tion with Equation (19}, and for the case of uniaxial stress,
the creep behavior following load decrease can then be de-
scribed in the following way:

1 [
Ttz t )= [— 3772(;}" . (l - "%1 'BGﬁ(a})
1 )
+ - 3 20
Inwio) } ? 0
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The material parameters conriained in eguation {20} are
marked with an index 'I¥ (DD = Decrease) to indicate thar
they are valid for the case of stress reduction. They should
be so deicrmined that the same eguation can be used for
both Ioad decrease and load increase, simply by changing
the sign of one of the components. First of afl, the viscosity
parameter 75 will be considersd. Assuming that transient
and stationary creep are additive, and assuming that the
transient creep compenent becomes zero at the end of the
transient creep phase (at t = ), Equation {19} indicates
that:

€t = ) = o, Q2n

Equation (20} then shaws that the viscosity parameter 75
18t

by e L gF, (22}
st 3 é:

Furthermore, it is also assumed that the lnad history has
no influence on the secondary creep rate, the latter being
solely dependent on the current stress. Thus, ¢ is identical
to the secondary creep rate previously determined in mul-

istage tests with step-wise stress increase, The Maxweil
viscosity parameter is thus:

o) = Rylo) = Tap-e™ (23)

with 71y and m as in Equation (18a),

The secondary creep component is thus identical for both
stress increase and stress decrease, In contrast, the mate-
rial parameters GR and 9§, and the size and time-depen-
dency of the transient creep component, are dependent on
the previous load step. The transient creep phase BC in
Figure 15 will now be simulated with three gualitatively
different Farmulations (1}, (1) and (111), which are based
on LUBBY 2. Figure 15 shows the creep strain e¥ and the
associated creep rate €Y,

Starting with the boundary conditions for the creep rate
¢* and the creep strain ¥ at time t = 1 divectly after the
load step and at time ¢ = t,, at the end of the transient
creep phase {Le., the beginning of the secondary creep
phase), the parameters G% and qﬁ wiil now be determined
for each of the three formulations.

Formulation (T):

The simplest simulation of the creep range BC is achieved
by ignoring the effects of transient creep. In this case, the
creep rate immediately assumes a constant value corre-
sponding to the secondary creep due to the new srress o, di-
rectly afier the load step. This is expressed in the following
boundary condition:

t2t, e L =0, Q0
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Flgure 18. Two-stage creep test with stress reduction (example}
Simulation with Formulations I, TI, 11 {see test) above: creep
rate, below: creep strain.

Inserting this boundary condition and Equation (23} into
Equation (20) shows that:
{
Y = ———— -7, 25
‘ 3nule) ()

This corresponds to a ereep strain which increases linearly
with time (curve { in Figure 13b}. It can be seen that the
creep strain is overestimated In comparison to the mea-
sured behavior, and thas this formulation can be consid-
gred to represent the upper limit.

Formulution fIlul:

In this case, the theoretical creep rate iz assumed to drop
to zero divectly after the load decreases at time t =~ ¢, fol-
lowed by a slow increase to the constant value & (o4} corre-
sponding te the secondary creep due the new stress o5, The
curve for creep strain {curve H in Figure 15b) thus initially
has a horizontal tangent, followed by an increase until the
creep strain corresponds to the measured secondary creep,
gl point €. Thereafter, both theoretical and measured
creep are in agreement {curve section CD}. This can be ex-
pressed in the following boundary conditions:

t=t, ~ =0 {26a)

I A C (26b)
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In conjunction with Equation (20) and whilst consider-
ing the boundary condition €5, (v ™ t,} = 0, Equation
{26a) then indicates that the Kelvin viscosity modulus 72
is

78 (02) = maa{m). o7

The second boundary condition, Eqguation (26b), can be
used to determine the Kelvin shear modulus GE. Just as
with tests with step-wise stress increase, ift -+ oo then the
Kelvin shear modulus can be obtained from:

(28)

With the help of geometrical interrelationships between
the creep curves with constant stresses of oy and g;, several
iransformations then indicate that:

2
( =& MELZ) _ (’ev . T,
: o1 maloy S XD }

+ 9g.. .. ._5
30;{(0’2} SGK(GQ)

é'l%{ﬁz} e

where the Kelvin shear moduli Gg{o) and Gy (o) are ob-
tained via Equation (17) from the transient crecp compo-
nent, due fo the same siress level but for a stress inerease,
If the lrad step occurs at a time point where the fransient
creep phase is not yet ended, then ¢, should be replaced
by the actual transient creep strain e (L) at that time
point. '

The initially-unknown fime point £y, which charac-
terizes the end of the transient creep phase and/or the be-
ginning of the secondary creep phase, can he obtained
from & further boundary condition:

L=ty = €= €]l (30}

Nince, as shown in Egoeation (15b), the transient crecp
strain approaches the final value €], asymptotically, the
time point when the transient creep phase is considered to
be finished must be set by definition. It will be assumed in
the following that the transient creep phase is finished
when the creep rate reaches 95% of the secondary creep
rate. Thus, Equation (30) should be set to o = 0.95.

Formuldation (I1bj:

Formulation (I} is very similar to Formulation (11a).
However, to simplify Equation (29), it can be assumed that
the transient creep components )., {0y} and el (¢3) are
related to each other in the same way as the corresponding
secondary creep tates € {o) and €] (13}, Eguation (29)
then becomes:
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o o)

GRlay) = (31)

In congrast to Eguation (29}, the Kelvin shear modulus
prior {o the stress reduction is now only depentdent on the
siress o, prior to and the stress o; following the load step, o
the creep strain ¢f, at the time point of the stress step and
ot the Maxwell viscosity moduli oy {0, } and nyloa).

Formulation (H1):

As with the Material Law from Herrmann/Lauson
(1981), which was specially formuiated for rock salt, sev-
eral of the general Material Laws from Penny/Marriort
(19717 indicate a creep of reversed direction following a
siress recuction, leading 1o a creep strain in opposite
direction to the stress. This “recovery creep” disappears
with time, the creep strain then approaching the creep
strain expecied for the new stress @, However, a reversible
creep of this type following & stress reduction is neither
visible in the iaheratory results documenied by Herrmann/
Lauson (1981) nor by Hunsche (1981). Because this
behaviorwas also not observed in the conyse of the author’s
own laboratory investigations, no further discussion of
Formulation (1) will be undertaken.

Consideration of the equations required fo caleulate the
raaterial parameters 45, 7e and G¥ required by Formuta-
tions ([, (IXa), and {Ilb} shows that the parameicrs which
describe the creep behavior following the stress reduction
can be calculated from the corresponding parameters at
the time point of the siress step, It is neither pecessary to
introduce a local coordinate svsiem, nor does the prior
foad history have any influence on the creep behavior after
the stress step.

The theoretical Formulations (I), (Ila), and {LIb) will
now be compared with the measured creep behavior of
rock sal. The measured creep strain and creep rate in a
two-stage laboratory test are shown in Figure 16, A stress
of oy = 20 MPa was used in the first stage. It can be seen
that the creep rate reached a constant value after aproxi-
mately 30 days. The stress reduction to o = 16 MPa then
took place at t == ¢, = 38 days. leading to a strong de-
erease n the creep rate. In the following period up to the
end of the tests at t = 110 days, the creep rate showed only
a slight inerease, veflected in a very smali increase i the
creep strain. No signs of “recovery creep” are present.

The test data dustrated in Figure 16 were then used to
calculate the following material paraneters:

TRl =1y (6} = 5.34.107.¢ %3272 (g
cording to Equation 23)

Thto, = 16 MPa) == 2,96 - 105d MPa
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FE = AR =29-10° ¢ MPa (according to
Eguation 27)

G R = 8.71 - 107 MP4 (according to Equa-
tion 29

G = 8.21 - 107 MPa (according to Equa-
tion 31}

The values for the Kelvin shear moduli G for Formula-
tions {11a) and {[Jb} are virtually identieal, and thus only
smalt differences in the caleulated creep behavior can be
expected hetween these two formulations.

For the purpose of comparison, Figure 16 also shows the
creep strain and creep rate caleulated with the above pa-
rameliers. It can be seen that in the {ransient creep phase
following the lvad decresse. Formulation (I} overestimales
both the mcasured creep rate and the measured creep
straim. However, the percentage difference becomes
smaller with increase in time, because the actual creep rate
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Figure 16. Two-stage tesis with stress reduciion-——comparison
of caleulated and measured behavior,

above: creep rate below: creep strain
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approaches the secondary creep rate corresponding to the
new stress fevel. In contrast to this, Formulations (ia) and
(ilb) {ead o a genecrally very good correlation with the
measured data,

However, the measured data in Figures 16 and 13 donat
show any significant increase in the creep rate woward the
expected seeondary creep rate €] (o), which might indi-
cate that the secondary creep phase has not been atiained,
even for test durations of 100 or 200 days. It is thus of par-
ticular interest, at jeast from the theoretical point of view,
tu be able {0 estimate the duration of the transient creep
phase on the basis of the above assumptions.

A duration of the transicnt creep phase of around 1000
davs can be expected. assuniing the transient ereep phase
is finished when the theoretical creep rate has reached
95% of the secondary creep rate corresponding to the new
stress level o5 (Figure 17). In contrast, following the stress
redogtion af time {, = 38 days, laboratory measnrements
werc only made for ancther approximaicly 70 days. It is
thus clear that conslderably greater timescales ave neces-
sary to confirm the material law formulaied for the sima-
tion of creep behavior following a stress reduction as ex-
prassed in Eguations (19) and (20).

Clearly, the duration of the transient creep phase is also
dependent on the stress oy in the first stage of the test, and
on the differential stress Ag = gy — ¢;. The values chosen
above, o) = 20 MPa and Ae = 4 MPa represent relatively
large values, The duration of the transient creep phase in-
creases with increasing differential stress, as shown in
Figure 18,

If oy = 20 MPais reduced tog; = 16,17, 18 and 19 MPa
after the load step at ¢, = I8 davs, the approximate dura-
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wer—d §1E loe tub test

Figure 17. Estimation of thy dpvation of the transtent creep
phase in the case of stress reduction from g = 20 MPatooy = 10
MPa {exirapolation],
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Figure 18. The influence of the differential stress on the dura-
tion of the transient creep phase.

tion of the transient ereep phase after the load step be-
coraes ~ 1020, ~ 590, ~ 305 and —~ 1435 days, respectively.
The time scales thus start to become very long for labera-
tory investigations. Furthermore, a differential stress of
helow 2 MPa can lead fo resolution problems, A three-
stage creep test with a; = 18 MPa, @ = 20 MPz and 0, =
18 MPa is currently being undertakemn.

The duration of the transient creep phase is, however,
not only dependent on the siress before and after the stress
step, bur also on the total creep strain 5 at the time of the
stress step, which, in turs, is related ro 1.,

The theoretical creep behavior with a siress reduction

the load step, and thus differing croep strains 4, is shown
in Figure 19. It can be seen that with increasing e}, the
duration of the (ransient creep phase also increases. In the
case shown, a delay of 40 days in the load step leads to an
increase in the duration of the transient creep phase fol-
lowing the load step from 105 days to 212 — 60 = 152
days. The influence of ;. on the duration of the transient
creep phase is thus not so strong as the influence of the dif-
ferential stress, but still significant,
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Figure 19.  Influence of the time point of the load step on the
duzation of the transient creep phase.
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T summarize, the best simulation of multi-stage creep
tests with stress reduction was obtained with material laws
that assume the additive saperposition of & transient and a
secondary compunent, where the transieni creep compo-
nent is based on strain hardening.

Creep Tests with Samples with an Axial Hole

The previous sections have shown that the theoretical
simulation of uniaxial and triaxial creep tests under con-
stant loads do oot indicate any major preference for any of
the five maferial baws investigated. On the conlrary, for
test durations of a few weeks or months, all material laws
considered in the comparative investigation were able o
satisfactorily describe the measured creep behavior, when
one ignores slight differences in the initial transient creep
direetly after the load step. However, when extrapolating
to longer time scales, qualitative differences become ap-
parent and when simulating tests with stress steps, addi-
tional gualitative differences appear (See Comparison of
Calculated and Measured Creep ... above). This indicates
that in particular apphcations certain material laws are
less suitable for fundamental reasons. Such differences
could become significant, for example, if marerial laws
based on time hardening are used {o predict long-term
convergence in the case of solution mining (with changing
cavily geometry}, or when investigating situations with
changing lead conditions,

Fiest investigations of the creep behavior of models with
stress reduction also showed substantial differences in the
valeulated creep deformation according to which material
law is used {Lux/Rokahr, 1981}, aithough the paramerers
of all material Jaws were determined from the same con-
stant-load creep tests. Field measuremenis—e.g., conver-
genee measurements in bereholes or measurements in
storage caverns—offer little heip here. This is because the
measured convergence only allows an overall picture to be
made of the deformation behavior of the structure, which
is not only dependent on the material behavior and geome-
try of the seructuve, but on other factors such as the pri-
mary stress condition, the local geological situation and
the temperature of the rock mass, factors which can only
be estimated (Figure 20). Whilst the results of field mea-
surements are suitable for a general confirmation of the
usefuiness of an integral design concept by comparison of,
e.g., the measured and caleulated convergence, they are
not suitable to identify the advantages of any particular
formulation in comparison to another, or to determine
material parameters such as viscosity moduius, Due 1o the
numerous boundary conditions involved, accurate simuia-
tion of the measured convergence does not offer a unique
proof of the suitability of any one formulation, because in
any specific situation the same results can often be ob-
tained with different combinations of parameters (Heun-
sermann, 1982),
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Figmre 20, Additionat factors which influguee the measured data in the case of field rests.

1t was hoped that the situation could be clarified with
the help of laboratory tests on sampies in which axial hotes
have been drilied. Such tests have already been used to de-
termtine the convergence behavier of caverns {Dreyer,
1973, Serata/Gloyna, 1960). However, in the present in-
vestigation, such tests were not used as the basis of model
caleutations whose results are to be transfered to the load-
bearing capacity of an underground construction.
Accordingly, 2 discussion of the mechanics of similitude
will not be carried out here, The new, so-called LUBBY
test method, which was proposed by Fux/Rokabr (1982),
will be considered in just the same way as the other tests de-
sctibed in this paper, the difference lying solely in the
geometry of the sample. Whereas tests with samples with
axial holes also offer simple and clearly determinabie peo-
metric and siress conditions (hollow cylinder, external axial
and radial pressure), thev have one considerable advantage
over the previous test series in that the changed geometry
results in the appearance of viscous stress relaxation under
stress. Despite the fact that the stress relaxations vesults
from stress that is artificially appiied to the exterior of the
“sample, its characteristics are solely dependent on the re-
laxation properties of the sample material and not on ont-
side influences. In this way. it was hoped to obtain impor-
tant additional confirmation of the validity of the material
laws,

1t is first necessarv to determine the material parame-
ters required fot each material law from either uniaxial or
trinxial creep tests with andrilled samples, as described in
the section on Parameter Bretermination, above. The ma-
terial laws were then used to simulate the resulis of creep
tests carried out on samples of the same material but with
axial holes, via triaxial compression and extension tests. A
material law that is able to describe the stress refaxation
behavior of rock salt by nature of its formulation, and has
nod just heen adjusted to correlate to creep cirves made
under specific geometric and stress conditions, should
also be able io simulate the resulis of tests with samples
with axial holes using the same parameter values deret-
mined previously for undrilled samples. Without such a
confirmation of a material law in the laboratory, its appli-
cation in the considerably more complex situation in the
field appears more or less meaningless, pacticularly in the
case of the detailed interpretation of field measurements.

A sample with an axial hole whose creep behavior has
been investigated under triaxial extension is shown in
Figure 21. The measured vertical strain with an axial
stress of 2 MPa and a confining stress of 16 MPa is lus-
trated in Figure 22, and it also shows the measured data
obtained with an undrilled sample under the same devi-
atoric load conditions tn uniaxial tests.

It can be seen that although the external deviatoric
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Fignu:' M. Test sample with axial drifled hote before and after triaxial cxtension tests.
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Figure 22. Comparison of measured and caleulated creep
straiz for an undribed and a dritled sample, with an external de-
viatoric suress of o, = 14 MPa,

stress is the same in both cases (14 MPua). the creep strain
of the drilled sample is considerably larger than that of the
undrilled sample, This difference in creep behavior, which
is due to the differing internal stress condition within the
sample, should also be indicated by the theoretical model.

‘Theoretical simulation of the creep rests was made with
the hetp of the finite-clement program UTROEPY. This
program, which has been specially developed for the
analysis of rotation-symmetrical continua with plastic and
viseous material behavior, also ailows calculation accord-
ing to the three material faws expressed in Fquations 1, 4
and 5b, In the case of the vodrilled sample, and using the
parameters determined above under Parameter Deterny-

naiion, it can be seen that the creep strain caleulated with
all three formulations s virtally identical and correlates
well with the measured data {Figure 22).

As a comparison, the results of the theorerical simula-
tion for the drilled sample are shown in Figure 22, Ttcan be
seen that althongh in guatitative agreement with the labo-
ratory measurements, all formolations indicate a higher
creep strain than for the yndrilled sample, and marked
differences between the predicrions of the individual ma-
terial laws become apparent within the time scale of the
laboratory fests, The poorest agrecment with the mea-
sured data, bolh qualitatively and gquantitatively. was
given by the formulation from BoresiDeere, which indi-
cated the lowest values for creep strain. The Material Law
feom Hunsche indicaled only shightly higher values. How-
ever, the latter formuiation indicated thal additional
creep takes place with more or less constant creep rate,
whereas the formulation from Boresi/Deerc, which is based
on time hardening, predicts a continuous decrease of the
creep rafe, and thus an increasingly larger deviation from
the measurcd values. The best agreement with the
measured data was given with the Material Law LUBBY 2,
especially in the transicnt cyeep phase. However, affer
abour five days, here too, the predicted creep rate was sub-
stantially lower than the measured value, so, just as with
the other formulations, the deviation between the pre-
dicted and the measared creep stramn increases continu-
ously with merease in time.

Although this infial simolation of a creep test with a
sample having an axial hole did not lead to the identifica-
tion of any one marerial law that is able to describe the
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measured creep behavior with complete satistaction. it
can be seen that the LUBBY fest is able to confirm in rhe
laboratary, at least in principle, the suitability of 4 partic-
tlar materiai law for the prediction of creep behavior. The
marked differences in the predictions obtained with dif-
ferent formulations when freating more complex test
structures (L.e., drilled samples) rather than undrifled
samples indicates the importance of detalled investiga-
tions of the type described in this paper. Accordingly, it is
planned to make further laberatory rests with other boun-
dary conditions, followed by detailed numerical simulation.
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