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Failure Behaviour of Rock Salt Around Underground Cavities
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ABSTRACT

Knowledge of the geomechanical behaviour of rock salt is important for model calculations for the dimensioning and safety
analysis of mines, caverns, and repositories for radioactive or toxic wastes in salt domes or bedded salt. Knowledge of the failure
behaviour of rock salt around underground cavities is particularly important.

True triaxial tests at elevated hydrostatic pressures have been conducted on cubic samples under various test conditions. A
conservative equation for failure strength at elevated hydrostatic pressures as a function of mean stress, load path, and
temperature has been derived from the results. In addition, an exact equation for failure strength for compressional load geometry
isgiven. The true triaxial tests were also used to determine the boundary between compressibility and dilatancy. At stress states
above this line rock salt dilates and creep rupture may occur.

At low hydrostatic pressures, failure occurs when there is tensile stress in at least one direction. Therefore, biaxial tests on
cubic samples, as well as tension tests under uniaxial and triaxial conditions on doghone-shaped samples, have been conducted
for this stress range. The triaxial tension tests are especially difficult to perform but are of great value. The experiments show
that the tensile strength of rock salt is an inverse function of hydrostatic pressure. Above a certain stress level, i.e. the stress
corresponding to biaxial strength, extensional failure occurs even with compressive stresses on all sides of the sample.

The results of the different experimental methods are in good agreement. The results of the biaxial tests and the tension tests

are not yet included in a failure criterion. Finally, in sifu observations are compared with the experimental results,

INTRODUCTION

Knowledge of the geomechanical behaviour of
rock salt is important for the dimensioning and
safety analysis of mines, caverns, and repositories
for toxic and radioactive wastes in natural salt for-
mations. Rock salt is also often used as a model
material in the materials sciences. Therefore, much
experimental and theoretical work has been carried
out in this field during the last two decades, mainly
on creep and failure behaviour. Test results and laws
for the creep behaviour have been published, e.g. by
Heard (1972), Menzel and Schreiner (1977), Al-
brecht and Hunsche (1980), Carter and Hansen
(1983), Lux and Heusermann (1983), Munson and
Dawson (1984), Langer (1984), Wawersik and Zeuch
(1986), Wawersik (1988), and Hunsche (1988).
Failure has been described, e.g. by Serata et al.
(1972), Dreyer (1974), Georgi et al. (1975), Wawersik
and Hannum (1980), Wallner (1983), Diekmann et
al. (1986), Desai and Varadarajan (1987), Hunsche
and Albrecht (1990), Hunsche (1991,1992), Cristescu
and Hunsche (1991,1992).

This publication only deals with the failure be-
haviour of rock salt. Knowledge of the failure be-
haviour of rock salt around underground cavities is
particularly important. The results of a purely elas-
tic model calculation by Cristescu (1993) for the
stress state around a deep tunnel immediately after
excavation are shown in Fig. 1. This demonstrates
that failure can occur under these circumstances due
to the following failure conditions: (1) failure at low
mean stresses due to tension, (2) failure at inter-
mediate or high mean stresses under different load
geometries (e.g. compression and extension), and (3)
creep failure due to dilatancy after a longer time
interval in a certain range of stress states. Because
none of the published failure equations can be con-
sidered as really satisfactory, much experimental
and theoretical work still has to be performed in this
field.

Several kinds of tests are carried out at the BGR
to evaluate failure under various conditions. These
include quasi-static tests on cylindrical and cubic
samples at many load or deformation rates under
triaxial conditions at intermediate or high mean
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Fig. 1. Domains of failure, dilatancy, and compressibility
around a tunnel with radius (a) excavated in a salt deposit at
a depth of 1500 m. Stresses were calculated purely elastically.
Oh OF Oy: horizontal or vertical far field (primary) stresses. The
vertical and horizontal axes represent the vertical and hori-
zontal distances (r) from the tunnel centre. FT: Tensional
failure at low mean stress; FC: failure at high mean stress.
(Plot after Cristescu, 1992).

stresses, and uniaxial or triaxial tension tests, as
well as biaxial and uniaxial compression tests at low
mean stresses. The final aim is to develop reliable
physically and experimentally based constitutive
equations for rock salt which describe (1) elastic
behaviour, (2) failure and related phenomena, such
as dilatancy and compressibility due to the opening
and closing of microcracks, and (3) creep phenomena.
Results of true triaxial quasi-static failure tests on
cubic samples, the results of uniaxial and triaxial ten-
sion tests, and results of biaxial tests are described in
this publication. Rock salt has been used for all the
tests. The uniaxial and triaxial tension tests, as well
as the biaxial tests, were carried out on specimens
from the Asse mine (northern Germany). They con-
sist of very clean rock salt from the Zechstein 3. The
true triaxial tests were carried out on samples of
various types of rock salt from five deep boreholes
into the Gorleben salt dome (northern Germany). In
general, these samples were also rather clean.
Emphasis is placed on the presentation of results
for failure strength and the description by suitable
equations. For the determination of a constitutive
equation for rock salt which also incorporates dilata-
tion and deformation, see Cristescu and Hunsche
(1991,1992) and Cristescu (1993). The experimental
procedures and the analysis of the empirical data are
described for the biaxial and the true triaxial tests in
Hunsche and Albrecht (1990) and Hunsche (1992).
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FAILURE AT INTERMEDIATE AND HIGH
MEAN STRESSES

In many cases, e.g. for the dimensioning of an
underground cavity, it is advisable to use a conser-
vative failure equation that is fitted to the lower
limits of the measured failure strength. Such a con-
servative equation for failure strength has been
derived on the basis of twelve quasi-static test series
consisting of various rock salt types (350 tests). Each
series consists of ca. 20 true triaxial tests at room
temperature and 5 tests between 60 and 260°C, as
well as some uniaxial and biaxial tests, all performed
on cubic samples (Hunsche and Albrecht, 1990;
Hunsche, 1991, 1992). The results were used to
derive the equation which describes failure strength
and residual strength as a function of mean stress o,
load geometry m, and temperature T (see below). For
the variables and basic formulae, see Table 1. The
test results at room temperature and the resulting
functions for compression (m = —1) and extension (m
= +1) are presented in Fig. 2. It shows all the tests at
room temperature grouped according the value of m.
It is important to note that the extension tests ex-
hibit the lowest strengths, averaging about 30% less
than the compression tests. This is different from the
behaviour of metals but is usual in rocks. The effect
decreases at high mean stress o, however. Gener-
ally, failure strength depends on loading rate or
strain rate. However, in additional tests it was found
that strain rates below about 10~ s7! influence
strength of rock salt only slightly; loading rates
below about 300 MPa/min have a somewhat larger

TABLE 1

Variables discussed in this paper. Compression: positive
values

o1, 02, 03 Principal stresses

o =13(oy + 02 + 03) Mean stress, octahedral
Normal stress

8;i=0;—0 Stress deviator

v =[1/3(s;% + 85% + 83912 Octahedral shear stress

iw m(9 - m?

m = @+ m)'s Invariant of load geometry

Stress path, load geometry,
Lode parameter

m= 332 ;81 2822>8
e B R

g =0, -1,

ev=(,; - 13- 13)/V, + correction

Principal strains
Relative volume change

1y, 1,13 Actual edge lengths

1 Initial edge length
Vo Initial (reference) volume
T Failure strength
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Fig. 2. Failure strength for twelve series of true triaxial tests
on cubic samples of different rock salt types from the Gorleben
salt dome, grouped according to the value of load geometry m;
T = 30°C. The lines represent the conservative failure equation
at m = —1 (compression) and m = +1 (extension).

10—

w..-
1 (a) Lemz-1
&
= H
: i =M= 0
204 joeemael
T
10+
- limits of validity
0 + $ - + + +
0 10 20 30

61
TABLE 2
Conservative failure equation for rock salt
Conservative failure equation (Hunsche, 1991, 1992)
18 = f(o) - g{m) - h(T) : failure strength
(o) = b (o/o«)®
g(m) = 2k/[(1 + K) + (1 - k)Jy)
h(T) = {1 . for 20:0 < T <100°C
1-¢(T-100°C) for 100°C < T < 260°C
b=2.7 MPa p=0.65
k=074 o+ =1 MPa
c=0002K™
g = tglm = +1) : residual strength

Fig. 3. Plots of the conservative failure equation for rock salt (Table 2) at T < 100°C: (a) in a graph of t vs. o (octahedral shear stress

vs. mean stress) and (b) in the octahedral plane.

but not very important influence.

Figure 2 also demonstrates how the conservative
failure equation was fitted to the lower strength
boundary of all tests with the same load geometry,
m. The analysis results in the formulae shown in
Table 2. The dependence of the failure strength on
temperature, as well as the result for the residual
strength (tr), are also given. The residual strength
1r is not dependent on m and has about the same

value as the strength for extension at the same mean
stress o. Figure 3 displays the failure equation in the
1—o section (octahedral shear stress vs. mean stress)
and in the octahedral plane. The upper and lower
limits of validity are caused by lack of tests beyond
these lines; below the lower limit, tension has to be
applied in one or two directions for failure (see
below). However, in general it is a safe assumption
that the tensional strength is equal to zero below the




TABLE 3
Equations for rock salt

Failure equation (only m = -1) (Cristescu 1992):

T
_r—_ s-
O

r=082 s=13710% o0.=1MPa

=T
T

+£=0

Compressibility/dilatancy boundary (only m = -1)
(Cristescu and Hunsche, 1992):
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Fig. 4. Plots of various equations and test results for rock salt
(series S8 and S9) in the t — o section, FN: failure equation
(Cristescu, 1992) and B @: test results; FU, FL: conservative
failure equation for m = —1 (compression) and m = +1 (exten-
sion), respectively (Hunsche, 1991, 1992); CD: compressi-
bility/dilatancy boundary (Cristescu and Hunsche, 1992) and
O O: test results; TU, TL: boundaries above which tension is
applied for m = -1 and m = +1, respectively; S: lower limit of
validity (see also Fig. 3). Below this line tension has to be
applied for failure for the various values of m. A: Stress
condition for biaxial tests.

lower limit of validity. Thus, this statement can be
included in the conservative failure equation. It has
to mentioned that there are distinct differences be-
tween different types of rock salt, with the strength
18 varying by up to 4 MPa at the same conditions
(Hunsche and Albrecht, 1990; Hunsche, 1992).

For the exact and realistic prediction of the failure
behaviour, an exact failure equation has to be used
that is not conservative. This is the case, e.g. in a
safety analysis and in model calculations for certain
tests in the laboratory or in situ. For this purpose,

U.E. Hunsche

and also to include dilatancy and deformation, the
development of a more sophisticated non-associated
elasto-viscoplastic constitutive equation was
started. The theoretical basis and the procedure for
determinating the equation and the governing func-
tions are given by Cristescu (1989) and Cristescu
and Hunsche (1991, 1992). The appropriate evalua-
tion of the experiments used are reported by
Hunsche (1991, 1992). It contains a procedure for
obtaining an appropriate elasto-viscoplastic consti-
tutive equation. Data on volume change, irreversible
stress work during a test, and failure strength are
required to derive this equation. The latest state of
the governing functions is given by Cristescu (1993).
Until now, only compression tests have been in-
cluded, however. The function for failure strength,
which has been determined from 14 tests from two
test series (S8 and S9) on rock salt types exhibiting
similar failure behaviour and comparatively high
failure strength is given in Table 3. This function
(FN) and the data used for failure strength are
drawn in Fig. 4, together with the conservative
failure equation for compression and extension (FU
and FL). Due to the different failure behaviour of
different rock salt types, different parameter sets
should be determined for precise model calculations.
Also the influence of load geometry (m) is not yet
included.

DILATANCY

Depending on the stress state the volume of a
sample increases (dilatancy) or decreases (compres-
sion) due to microcrack opening or closing. In Fig. 5,
the relative volume change ev is shown for one of the
above true triaxial tests on cubic samples together
with the acoustic emission rate (AE), which is ob-
viously a good indicator for volume increase and
microcrack opening. It should be noted that the de-
termination of volume change in the true triaxial
tests has been very difficult. The calculations take
into account the deformation of the platens and pis-
tons, as well as the small amount of salt which is
squeezed out between the platens at the edges of the
cubic samples. The stress conditions for minimum
volume of all above 14 tests are plotted in Fig. 4.
They are the basis for the determination of the corre-
sponding compressibility/dilatancy boundary, which
is given in Table 3 and also drawn in Fig. 4 (CD). At
stress states above this line, rock salt dilates and
may increasingly loosen and fail after some time due
to creep rupture. Failure occurs when a certain
amount of damage has been exceeded. To specify this
condition, volume change or the irreversible
volumetric stress work (see Cristescu and Hunsche,
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Fig. 5. Volume change (ev), acoustic emission rate (AE), mean
stress (0), and octahedral shear stress (t) vs. time in one of the
true triaxial compression tests on cubic rock salt samples. The
initial compaction is caused by the hydrostatic loading to o =
20 MPa.
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Fig. 6. Volume increase (gvg) at failure for series S8 and S9.
For details, see Hunsche (1992).

1991, 1992) can be used as a damage parameter. To
give an impression of the amount of damage at
failure, the volume increase at failure (evp) derived
from these tests is shown in Fig. 6 (range 1.6 and
6.6%). Below the compressibility/dilatancy bound-
ary, the rock is compressed until all voids are closed
and no creep failure occurs. Although this boundary
passes through t = 0 at o = 51.4 MPa, additional
experiments indicate that the compressibility

domain may extend to a slightly higher mean stress
o. The influence of load geometry (m) on volume
change still has to be evaluated, as well as the in-
fluence of rock salt type.

TENSILE STRENGTH

Below the lower limit of validity in Figs. 3 and 4,
tension has to be applied in one or two directions for
failure. This range is not usually experimentally
covered because tensional stresses cannot be applied
in regular triaxial tests. Therefore, the range of low
mean stresses was covered by specially designed
triaxial and uniaxial failure tests on dogbone-shaped
samples with tension in one direction using an idea
of Brace (1964) for the triaxial tests. It is possible to
produce tensional stress along the axis of a cylindri-
cal specimen in an ordinary Karman cell if the
sample has a smaller cross section in the middle
than at the ends. The experimental technique for the
triaxial tension tests is very difficult because small
differences in stress along the sample axis have to be
determined. However, such experiments are of great
value because they provide data for a wide range of
confining pressures. This is made possible by the use
of various sample shapes. In addition, biaxial tests
have been carried out whose stress state corresponds
to a certain stress condition on the limit of validity
(see Fig. 4). All these tests are extensional ones (i.e.
load path m = +1). The material near underground
cavities is exposed to all possible load geometries (m)
and therefore the above tests give a lower limit of the
failure strength. The tests were conducted at stress
rates between 1 and 15 MPa/min. In practice, this
difference in stress rate does not influence the
failure strength of rock salt.

The results of tension tests and biaxial tests on
one type of rock salt are shown in Figs. 7 and 8. It
follows that the tension stress (o,) along the sample
axis at failure is a function of mean stress o (or
confining pressure p). The value of o, decreases with
increasing mean stress and reaches zero at o = 30
MPa (p = 45 MPa), the stress condition under which
the biaxial tests are conducted. The triaxial tension
tests and the biaxial tests are in good agreement.
The uniaxial tension strength of about 2 MPa is also
in good agreement with our own Brazilian tests and
results in the literature. It can be concluded from
Fig. 7 that extension failure does not generally occur
when the lowest principal stress (here o,) is equal to
the uniaxial tensile strength. The value of o, de-
pends on o and is even positive at o > 30 MPa. This
can be explained by the effect of inhomogeneities
(e.g. grains or flaws) which induce local tensile
stresses. This seems to be common for rocks, as
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Fig. 7. Plot of failure strengths o, as a function of confining
pressure p determined in uniaxial and triaxial tension tests
on dogbone-shaped rock salt specimens, as well as the results
of biaxial tests on cubic specimens. o, is the stress along the
sample axis. All these tests were carried out on one type of rock
salt from the Asse mine. (1) Uniaxial tension tests on doghone-
shaped specimens, (2) triaxial tension tests on dogbone-shaped
specimens, (3) biaxial tests on cubic specimens.

mentioned by Paterson (1978). It should be noted
that the strains to failure observed in tensional
failure tests on dogbone-shaped specimens are very
low; this is brittle failure.

The results of tensional tests are not yet included
in the failure equation. However, the complex set of
data and the already determined failure equations
provide a reliable basis for considering failure and
creep rupture in a great variety of model calculations.

IN-SITU OBSERVATIONS

It is very common in salt mining that spalling
occurs in tunnels excavated in rock salt formations.
This is mostly caused by large fissures parallel to the
crown and floor. In general, this is due to tensional
stresses. However, fissures produced by extensional
failure at high mean stress look quite similar. Of
course, such fissures are often seen in boreholes, too.

Walls, crown or floor of a tunnel can be examined
in boreholes or slots for dilatancy. Observation
shows that the thickness of the dilating rock volume
exhibiting fissures and loosening increases with
time and can reach a thickness of several meters.

CONCLUSIONS

Two kinds of equations for failure strength have
been presented, namely a conservative equation and
an exact one. The latter is not yet complete, however.
This must be done on the basis of the numerous
laboratory tests which have been discussed in this

U.E. Hunsche
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Fig. 8. Plot of failure strengths of rock salt specimens in the
-0 section for the tests shown in Fig. 7. All tests were
conducted with extensional load geometry (m = +1). The
straight line is identical to line TL in Fig. 4, above which
tension is applied in one direction for m = +1.

paper. The equation for the compression/dilatancy
boundary can be used to determine the areas that
may be affected by creep rupture. Dilatancy also
increases permeability which has to be considered in
repositories for radioactive or toxic wastes. The
equations and test results can be used for dimension-
ing underground openings, for safety analysis, and
for comparison with in sifu observations. The first
version of a constitutive equation for rock salt that
describes not only failure strength and the boundary
between compressibility and dilatancy but also the
evolution of deformation and volume change, has
been developed by Cristescu and Hunsche (1991,
1992).
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