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ABSTRACT

Whereas comprehensive research prafecis have heen carried
aut ard published on the determinanian of the deformation be-
hoviour of Fock safi urder long-rerm load conditions. few laba-
ratory or Hhearetical invesilgations have censidered the problem
of creep rupture brhoviour, The present report discusses the
resulis of ereep tests on ruck salt under irigxinf indirect teusile
strass, under test conditions that included rertiary creep and fed
to creep faifure. The results clearly show thui vhe achieved fail-

wre steafne are dependent on the strain rave, and thar the lavrer
is mainly dependent on the deviatoric and isatropec stress levels
and on temperature. Fuilure strains above 25% were reached,
Finally, the results were evaluated with respecr ta the formula-
tion of creep ruprure criteria with which the dimensioning of
rock salt caverns can be made, uader consideration of the lung-
term load- bearing behavivuyr.

INTRODUCTION

Within the framework of a rock-mechanical stability
analysis of rock salt caverns, investigation of the long-
term load-bearing behaviour of the cavern is of particular
significance, because rock salt possesses a material be-
haviour that is strongly time-dependent. Thus, over the
required operating periods of several decades, under cer-
tain circumstances significant cavity convergence and
stress transfer to the surrounding rock mass can be ex-
pected, and this may lead ta an impairment of the stabil-
ity of either new or already constructed cavern instalia-
tions. For this reason, considerable efforts have been
undertaken in recent years, on the one hand to obtain an
insight into the viscous material behaviour of rock salt
under mechanical and thermal loads, and on the ether
hand to be able to guantitatively determine the long-term
load-bearing behaviour of caverns. Numerous publica-
tions have been issued on the subject, and thus further
discussion of general aspects is unnecessary.

The voncept of a differentiated idealization of the ma-
terial behaviour of rock salif is contained in a dimension-
ing concept that has been developed by the Institut fir

Interirdisches Bauen, Hannover, West Germany. The
concept has been broadened hy a consideration of limit-
ing conditions in the load-bearing behaviour of caverns.
From the engineering point of view, the limiting condi-
tions can then be used to prove cavern stability via consid-
eration of possible faifure modes. In the case of rock salt

caverns, a$ a result of unusual aspects in the construction
and ufilization oo the one hand, and due to the rock-
mechanical properties of rock salt on the other hand, two
limiting conditions are considered to be definitive with re-
spect to the proof of stability:

& Limiting condition 1: Proof of short-term stability
* Limiting condition 2: Proof of long-term stability,

Limiting condition 1, with the proof of short-term stabil-
ity. is based on the fact that in comparison to the total
tifetime of the cavern of a2 number of deeades, the dura-
tion of the construction and the commissinning phases—
between a few months and approximately two years, ac-
eording to cavern volume—is relatively short. Cavern
design is closely related ro this limiting condition, with
the aim of developing an optimum cavern design under
consideration of leaching requirements in respect of the
in situ geological and rock-mechanical conditions, Be-
cause the rock mass sorrounding the cavern must be able
to accommedate the additional Joads without failure and
with a sufficiently large safety margin, it is assumed that
the material behaviour of rock salt can be described by an
elastic, non-linear plastic matertal law.

In the case of limiting condition 2, relating to the proof
of long-term stability, it is assumed that the rock mass
can safely accommodate stresses resulting from the utili-
zation and operation of the cavern in the long term: too,
l.e., over a period of a number of decades. One of the
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major factors is the convergence to be expected, which s
mainly dependent on the viscous matertal behaviour and
must not exceed cettain limiting values with respect to
creep falfure and surface subsidence. It is assumed that
the material behaviour of rock salt can be described by a
viscous material law. The necessary extrapolation re-
quires particular care,

* Five criteria for the evaluation and judgment of the
theoretical results that form the basis for the design of
cavern instzllations have been proposed (Lex and
Rokahr, 1980). The following discussion relates to point
4 of their criteria, relating to restriction of the conver-
geace, and should be considered to be a proposal for the
formutation of a criterion for the judgment of creep rup-
ture. At this stage, it should be made quite ¢lear that the
creep rupture tests carried out up to now by the Institut
fiir Unterirdisches Bauen are not comprehensive enough
to enable a proposal to be made of & comprehensive and
complete criterion for the judgment of creep rupture in
rock salt. However, the initial results of the investigations
are promising, and it is planned to continue this line of
investigation in the future.

PREVIOUS INVESTIGATIONS ON THE
PHENOMENON OF CREEP RUPTURE

Experience shows that in the case of rock salt, as with
many other materials, it is necessary to differentiate be-
tween strength with respeet wo shori-term stresses and an
often very much lower strength in the case of long-term
stresses. The difference between the short-term strength
ani the lang-term strength becomes increasingly marked
with an icrease in the significance of the viscous mare-
rial hehaviour. For this reason, when using such materi-
als for technical purposes, when dimensioning, it is nec-
essary to include a factor to take account of the duration
of the stress. Whereas comprehensive information is
available on investigations on the defermation behaviowr
of rock sali under long-term lvads, up to row few labora-
tory or theoretical investigations have been concerned
with the problem of creep rupture behaviour.

In several publications, so-called creep rupture ctiteria
have been proposed for the definition of the long-term
strength of, above all, metallic samples. However, the
proposals are based on considerably differing assump-
tions, Judgment of rhe long-{erm strengih has been based
on:

a) the time tp to creep rupture (life fraction ruje)

b) the stress op which can be accommodated in the
long run

¢} the ruprure strain {strain fraction rule)

d} the strain energy with respect to time.

Theoretical investigations on the stress and displace-
ment fields in the vicinity of cavities in rock salt deposits
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show that the assumption of & non-linear stress/strain re-
lationship indicates a reduction of the deviatoric stress
component with a simulanecus increase of the non-
linear strain component, Thus initiafly, it appears mean-
ingful to derive himits to the material loading from the
strain or the strain energy.

Knoll (1973) has carried out comprehensive laboratory
and theoretical investigations on carnailitite and rock salt
with respect to the safe and economical dimensioning of
pillars in rock salt mines. While considering the load duo-
ration, pile dimensioning should be based on uniaxial
iong-term creep tests, which yield information on the de-
formation behaviour and the crecp rupturs behaviour in
relationship to the stress condition and the shape of the
test sampje, The tesis clearly show that whereas under
high stress levels a brittle failure of the material can be
expected, at mediwm and low stress levels a ductife creep
failure is more likely,

With respect to the judgment of the lifetime of rock salt
and carnatlitite pillars of differing dimensions, Knoli
{1971} guotes the creep rupture time and the creep rup-
ture strain in relationship to the stress level and the ratio
of pillar height to pitlar diameter (h/d). According to his
investigations, load ranges can be determined for each
salt type and ratio of h/d which eithet permit indefinite
failure-free piflar life, or limited lifetime and slow or sud-
denly occurring creep rupture. For exampie, for a ratio
hi/d = 2, test samples were able to withstand a stress of
up to 25% of the uniaxial eompressive strength o, indefi-
nitely, whereas at stress leveis of approximately 75% or
above, sudden failure occurred after a relatively short
time. However, the dimensicning criteriz quoted by
Knolt (1973) cannot be transferred to the dimension-
ing of salt caverns, since the loading conditions in mining
{mainly uniaxial pillar loads) differ fundamentally from
those encountered in cavern comstruction (three-
dimensional stress conditions).

Multi-axial creep rupture tests were first evaluated by
Nair and Singh {1973). It is assumed that the maximam
main stress difference is the controiling siress and that
the onset of creep rupture is mainly related to the occus-
rence of tensile strain, 1t shouid be noted that such strain
condifions are not necessarily related to tensife stress, but
in accordance with the in-site conditions can alse cecur
under {riaxial compressive loads.

Rapiure creep rests (Figure 1) clearly show the linear
relationship between the stress difference lo; — o5} and
the fime ro failure tg. The figure covers a time to failure
of approximately 7 h to over 1000 h, i.e., the curve can
also be vsed for very short fests, where most likely no ter-
tiarv creep takes place. The effective stress lies between
36.5 MPa and 66.9 MPa. Nair and Singh (1973) con-
sider the effects of the average stress to be insignificant,
In conteast to this, our own fest resuits {cutve with tri-
angles in Figure 1) indicated a different time to creep
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figare 1. Kesulis of Creep Rupture Tests plotted tn a double logaristhmie form carried out by Nalr and Singh (1982)

and LUB.

rupture for the same main stress difference but with dif-
fering isotropic stress components. This phenomenon is
particularly significant in the case of rock-mechanical
considerations, because in the vicinity of the cavity,
three-dimensional stress conditions can oeeur with differ-
ing isotropic and deviatoric components, and thus if the
etfects of the isviropie stress component on the creep he-
haviour aze ignored, this can lead to vpderestimation of
the time to failure,

Within the framework of cemprehensive theoretical
and experimenial investigations, Menzel and Schreiner
{1977} have formulated a creep rupture criterion that is
based on considerations of the energy involved. Itis prin-
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cipatly based on the assumption that the total energy in-
put reguired in a short-term test up to the point in time
when the sampie fails is the same as the plastic deforma-
tion energy required in a creep test up to the time point of
the start of creep failure. The stress/sirain relationship
for the two cases and the estimated plastic deformation
energy with respect to unit volume are shown schemati-
cally in Figure 2.

Whereas in short-term Lests with constant load increase,
the stress o,y increases constantly until the failure point
has been reached, increep tests a particular constant effec-
tive stress is applied for the entire test duration.

To determine the time to failure tg to be expected, on
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Figure 2. Determination of the Plastic Deformation Energy
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the one hand it is necessary to determine the plastic de.
formation energy from short-term tests, and on the other
hand the change in effective strain with time must be
known, i.e.. a suitable material law must be available.
The determination of the time to failure tp will be exem-
plified in the following for the case of creep tests carried
out by the Institet fiir Unterirdisches Bauen on rock salt
samples from the North German ASSE deposkt, It proved
pussible to satisfactorily describe the results of the wri-
axial indirect tensile stress tests with a stress difference
tey — o3} = 20 MPa and a test duration of 16 days
both with the material law according to the MENZEL/
SCHREINER equation and the material law, LUBBY 2,
which was developed by the Institut fiir Unzerirdisches
Bauen (below).

The viscous strain and strain rates measured during
the test and the corresponding resufts obiained from the
two material laws are shown in Figure 3. The parameters
were determined by curve-fitting. For the case of friaxial
extension under eonstant lead:

MENZEL/SCHREINER

&= A aly (ele) "
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with:
= 2’31 - 1[}“’1" Mpa“z.fﬁ d‘“ﬂ.?_f&ﬂ
n= 25
m = {3,238
LUBBY 2
N 1 1 - __“_;.L\..t—‘
=+ e TR o
T i
with:

ik = 2800 d - MPa
G = 3700 MPa

The stress exponent n for the material law aceording to
MENZEL/SCHREINER was set to n = 2.5, in order to
pse the same value as that used when describing the refa-
tionship of the failure strain to the stress difference |e; —
1] . The determination of the parameters Kq and n from
the results of short-term triaxial extension tests on rock
salt from the ASSE and ERSLEV (Denmark) deposits
are shown in Figure 4. The relationship:

with:
. . can be used o determine the fallure energy D for short-
A = 3,5-1075 MPa ™" ; ;
2 e term tests with constant rate of ioad increase. However,
B =97 because the resuits of the short-term tests are strongly de-
po=28 pendent on the rate of tncrease of load, reliable determi-
Lespectively nation of the specific plastic deformation energy with re-
P Y speet to unit velume is not possible. For this reason, for
£ = Komeoly -t the purposes of the example, the fallowing discussion will
el e %
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Figare 3. Curve-fitiing with two different material laws
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Figure 4. Determination of the Parameters Ky and n

assume the vaies D = L MN/m? and I = 5 MN/m?,
Using these values, the material law of MENZEL/
SCHREINER indicates a time to failure of {3 = 43 3 and
tp = 22 100 3, and the mazerial law LUBBY 2 indicates a
time failure of {z = 265 § andl 1y = 4 a, bath for values of
D = 1 MN/m® and D = § MN/m?, respectively.

These results clearly show that the choice of material
faw has a decisive infleence on the predicted time to fail-
ure. The considerable infiuence of the fatlure energy [ is
also apparent. A relatively precise prediction of the time
to failure Lo be expecied is not possible here, owing to the
uncertainty with which [} can be determined from short-
ferm tests.

The Bundesansiali fiir Geowissenschaften und Roh-
stoffe {BGR), Hannover has obtained interesting resiles
from creep rupture tests with triaxial compressive load-
ing (Wallner, 1981}, The resulis of the tests, which were
regulated in accordance to strain, are schematically rep-
resented in Figure 5. The influence of various strain rates
¢ .i¢ and the average controlling stress o, was investigated,
The latter was kept constant within each test. For each
average controlling stress g, the resuits allow the bound-
ary to be determined between stress conditions that lead
to failure and starionary stress condifions that can be in-
definitefy acconmmodated without failure.

CREEP RUPTURE INVESTIGATIONS AT THE
INSTFTUT FUR UNTERIRDISCHES BAUEN

- In 1982, several creep rupture fests were carried out by
the Institut fur Unterirdisches Bauen on rock salt sam-
ples from the Asse and Erslev deposits. The tests were
carried out under triaxial extension conditions, and the
test durations varied from g few hours up to approxi-
mately 300 hours, The resalts are shown in Figures 6 and
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Figure 6. Resnlts of Creep Rupture Tests, Location Ersley

7. Furthermore, in addition to the sample type, the fig-
ures indicafe the stress conditions in each of the tests,
e.g., the size of the axial stress o, and the size of the con-
fining pressure vy,

All tests were carried out with eylindrical samples of
dimensions h/d = 180/90 mm. The very large failure
strains that occurred are particularly noticeable. Even
under the conditions of indirect tensile stress, they ap-
proached vaives of more than 20% the natural (logarith-
mic) strain. Furthermore, the considerable influence of
the isotropic stress component on the time to failure, and
the corresponding maximum sirain, is also visible. For

exampie five tests on samples from the Asse deposit were
carried out with a differential stress of |a; — &3} = 33
MPa and various axial stresses o;. Whereas the time to
failure for test 19/1 {7, = 2.0 MPa) was only approxi-
mately 7 h, test 3/1 (o; = 12,0 MPa) required approxi-
maiely 530 h until faiture of the sample.

Evaiuation of the few results of creep rupture fests car-
ried out up to now are shown in doubie logarithmic form
in Figures 8 and 9, which indicate the relationship be-
tween the time to failure and the ratio 0;/9; and the
stress difference Ag = {o| — o1, The infivence of the
isotropic stress component on the time to failure is indi-
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Figure 9. Resuls of Creep Rupture Tests, Asse deposit

cated by the ratic o370, and the influence of the de-
viatoric stress component is represented by the sivess dif-
ference Ag.

The Figures 8 and 9 aiso show corresponding mathe-
matical formulations. However, it should be noted (hat
these figures can only be used as an indication of the phe-
nomenological description of the creep rupture behaviour
of rock salt. Further tests are necessary, particularly with
respect to the dependency of the time to failure on the
ditferential stress | o, = o] for smaller values of Ae too.
Furithermore, it is necessary to investigate the vahlidity

limits of the diagrams. For practical purposes, it appears
passible to satisfactorily deseribe the eregp ruptare be-
haviour of rock salt at a particular location with 9 to 12
creep rupture tests at differing stress differences and ra-
tios o379, .

These creep cupiure diagrams then allow the construc-
tion of Mohr's envelopes, which describe the strength of
the material with respect fo time. Mohr's envelopes for
rock galt samples from the Asse deposit are iflustrated in
Figure 10. The relationship between the rime fo faijure
and the maximum differential stress before failure is also
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clearly visible, If, for example, the rime to reach failure of
100,000 h (11.4 a) is required, then Figure 10 shows that
the srress levels effective over this time period does not
exceed approximately 40-30% of the short-term
strength.

SUMMARY

To summarize, the results of this study show that even
as few as 8 to 12 creep vupture tests, with rest durations
between 7 h and 600 h, are sufficient to allow an estimate
to be made of the creep rupture behavioar of rock salt
within the framework of rock-mechanical investigations.
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