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Dilation of anisotropic rock salt:
Evidence from Mount Sedom diapir

Yosset H. Hatzor and Eli P. Heyman
Deichmann Rock Mechanics Laboratory of the Negev, Department of Geological and Environmental Sciences,
Ben-Gurion University, Beer-Sheva, Israel

Abstract. The mechanical behavior of bedded rock salt is studied using constant strain
rate biaxial tests performed on 24 bedded rock salt samples from Mount Sedom diapir.
Careful measurements of elastic parameters in unload-reload loops indicate that they are
influenced by confining pressure but are not sensitive to anisotropy. The yield stress is also
influenced by confining pressure but not by anisotropy. The stress-strain curve therefore
indicates isotropy up to the yield stress. Initiation of dilation marks the onset of dependence of
volumetric strain on anisotropy. Major principal compressive stress at dilation (CT1,d) is at
maximum when compression is normal to bedding planes ({3 = 0°), the stress decreases
with increasing values of {3, and minimum values are measured when compression is
parallel to bedding planes ({3 = 90°). Beyond onset of dilation point the relative dilation
with respect to stress difference (V = l~ej~(CT1 - CT3)1; CT1 > CT1,d; Mpa-1) increases

with decreasing confining pressure and with increasing {3; namely, dilation is intensified with
decreasing confining pressure and as the major principal compressive stress direction
becomes parallel with bedding plane orientation. Current models for compression-dilation
boundary ignore anisotropy and therefore provide site specific solutions but fail to
describe general rock salt behaviour. A new empirical model for compression-dilation
boundary in anisotropic rock salt, developed for a data set from Mount Sedom, predicts
that stress at onset of dilation decreases with decreasing confining pressure and with
increasing value of {3. The rate of change of CT1,d with respect to {3 decreases with
decreasing confining pressure, and the rate of change of CT1,d decreases with increasing
confining pressure for all values of {3.

The influence of bedding plane orientation on both elastic and
inelastic behavior is therefore of paramount importance and is
explored here.

Constitutive models for elastic deformation [e.g., Langer,
1982] compression-dilation boundary [e.g., Spiers et al., 1988;
Ratigan et al., 1991; Cristescu and Hunsche, 1992] and for fail-
ure [e.g., Pfeifle et al., 1981; Cristescu, 1993] of rock salt are
typically expressed in terms of elastic constants, temperature,
stress invariants, and empirical fitting parameters. Rock salts,
however, are inherently anisotropic on all scales, exhibiting
well-developed bedding planes [Djahanguiri and Matthews,
1983] and preferred orientation of halite crystals [Carter and
Hansen, 1983]. In brittle rock the effect of anisotropy on
strength has been discussed extensively, in particular, the effect
of discontinuity orientation on stress difference at failure [e.g.,
Jaeger and Cook, 1979; Hoek, 1983]. In rock salt, although
planar discontinuities in the form of bedding plane partings are
abundant, the effect of anisotropy on strength and deformation
has been largely overlooked.

The constant strain rate tests discussed here are used to
study the effect of anisotropy (bedding planes), using samples
which were loaded at different angles between the major principal
stress «(T J and the upward normal of the discontinuity (/3). Ten
samples were loaded normal to bedding (/3 = 0°), 10 samples
were loaded parallel to bedding (/3 = 90°), and four samples
were loaded at oblique angles to bedding (27° < /3 < 41°). It is
shown that while elastic deformation is typically isotropic, ini-
tiation of inelastic deformation and the relative dilation are
clearly a function of bedding plane orientation.

Introduction

The mechanical behavior of bedded rock salt is studied using
biaxial and hydrostatic compression tests on 24 samples from
Mount Sedom diapir, performed at a constant strain rate of
10-5 S-l and at room temperature, under confining pressures
between 0 and 25 MPa. The influence of both confining pres-
sure and bedding plane orientation on the elastic constants, the
stress-strain law, the yield stress, and the compression-dilation
boundary are analyzed in order to assess the mechanical re-
sponse of proposed storage caverns at depth.

Mount Sedom, a 10 km long by 2 km wide salt diapir having
roots as deep as 5 km, is situated along the western margins of
the Dead Sea rift valley (Figure 1). The rock salt consists of
beds with interbedded anhydride, marl, sand, and shale layers
of the Sedom Formation of Pliocene-Pleistocene age [Zak,
1967]. An overall thickness of 2500 m has been measured by
Zak [1967] for the exposed part of the Sedom Formation.
Frumkin [1996] has estin1ated a rate of rise of the order of 6-7

mm/yr.
A unique feature of Mount Sedom rock salt is its inherent

anisotropy, derived from it being a sequence of bedded salt
layers. The dip of the layered sequence is nearly vertical at the
surface, and the inclination decreases somewhat at depth (Fig-
ure 2). Any proposed underground opening will therefore ex-
perience steeply inclined beds in the side walls and the roof.
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Figure 1. Structure of Mount Sedam rock salt diapir [after Zak and Freund, 1980].

were coated with a thin epoxy layer and then ground using a
high-precision surface grinder to a flatness of 0.01 mm (mea-
sured on the epoxy coating). The cooling fluid which has been
used was kerosene in order to avoid corrosion of equipment.

There were many technical problems associated with sample
preparation. Several samples broke during the preparation pro-
cedure, some swelled during drilling, others separated across
bedding plane partings due to the presence of the cooling fluid.

Following preparation samples were preserved horizontally
in a storage room, and encompassed in a soft tissue until testing.
Each sample received the initials MS for Mount Sedom.

Experimental Procedures
Sampling and Sample Preparation

Sampling was performed on five blocks which were sepa-
rated from the diapir in a quarry (Figure 1). The direction of
the normal to bedding was clearly marked in the field on all
blocks, since in some cases the blocks appeared completely
isotropic. In the laboratory, 24 cylinders were drilled at differ-
ent orientations from the five blocks, to a nominal diameter of
54 mm and L to D ratio of about 2. The ends were ground to
flatness of 0.1 mm using a horizontally mounted disk on a drill
press. When roughness was greater than 0.1 mm, the end faces

'~" ~t --I
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specimen, although the block from which they were prepared
was removed from a sequence of subvertical rock salt beds
(Figure 3a); (2) samples of rock salt containing visible bedding
plane parting-s, but no infilling material can be detected and the

Description of Tested Samples
The samples can be classified into three main categories: (1)

Samples of apparently homogeneous and isotropic rock salt; in
this category no bedding planes can be detected in a hand
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Figure 3. Examples of anisotropic rock salt samples from Mount Sedom diapir (photographs taken after
compres~ion): (a) first category, apparently homogeneous and isotropic (in this samples /3 = 90°); (b) second
category, visible bedding planes, discontinuities are tight and clean (/3 = 90°); (c) second category (/3 = 40°);
(d) third category, bedding planes with thick infilling material (/3 = 0°).

1 % linearity full scale for both sets. The strain cantilever sets
were fitted to the sample in three orthogonal directions, in
parallel with the three principal stress directions, such that they
provided three independent readings of the three orthogonal
principal strains. Volumetric strain (8v) was thus determined
by the sum of the three normal strain outputs: 8v = LiV/V 0 =
81 + 82 + 83 = 8a + 8,1 + 8,2 where 8; are principal
strains, a indicates axial strain, and r indicates radial strain.
Prior to testing each sample was jacketed by a shrink tube
(ALPHA FIT-221-3) using a commercial heat gun in order to
isolate the rock material from the pressure vessel oil.

discontinuities are tight and clean (Figures 3b and 3c); and (3)
Samples containing bedding plane partings with infilling ma-
terial of varying thickness, between 1 and 8 mm (Figure 3d).

In the elastic analysis, data from samples with thick infilling
material in inclined planes were omitted, as sliding along bed-
ding plane partings was found to control the deformation.

Testing Equipment
Testing was performed in the Rock Mechanics Laboratory

of the Negev at Ben-Gurion University using a triaxial load
frame (TerraTek system model FX-S-33090) having a stiffness
of 5 X 109 N/m and confining pressure capacity of 70 MPa.
Axial piston displacement was regulated by closed-loop servo-
control in which axial displacement was used as the control
variable. All tests were ran at a constant strain rate of 10-5 S-l
in order to avoid time dependent deformation, assuming that
at strain rates greater than 10-7 S-l differential stress is rela-
tively insensitive to strain rate [Spiers et al., 1984]. Piston dis-
placement was monitored using a high-sensitivity linear voltage
differential transducer (L VDT) located outside the vessel near
the piston. Load was measured by a sensitive load cell located
at the base of the sample stack having a maximum capacity of
222 kN and linearity of 0.5% full scale. Sample axial and radial
strains were recorded using four arm axial and transverse
strain cantilever sets, where arm deflection was calibrated to
displacement (calibration was performed prior to testing). The
four-arm axial cantilever set has a 10% strain range and the
two four-arm radial sets have a strain range limit of 7%, with

Mechanical Test Types

Several test types were performed in order to fully charac-
terize the mechanical response of the rock under varying con-
fining pressures and bedding plane orientations:

Biaxial tests (0"1 > 0"2 = 0"3 = Pc)' Initial hydrostatic
compression is performed up to the desired confining pressure
level, followed by axial load application under a constant strain
rate of 10-5 S-l. These tests were used to study the influence
of confining pressure (Pc) and bedding plane orientation (/3)
on the stress-strain law.

Segment tests. (1) During the elasto-plastic stage of defor-
mation in a biaxial test, a loop is performed in which axial
stress is unloaded and reloaded at a constant strain rate of
10-5 S-l. These tests were used to study the influence of
confining pressure and bedding plane orientation on the elastic
modulus {E) and Poisson's ratio (v). (2) During the elasto-
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Table 1. Summary of Test Results

13.4
17.04
12.4
16.64
18.6
16.45
16.25
18.92
3.86
7.38

15.47
17
10.86
13.02
4.41
8.2

15.02
18
18.64
13.14
18.54
14.17
13.77
17.84
19.57
15.45
15.32
15.86
17.7Q
19.37
18.6
14.96
16.49
15.93

0.21
0.28
0.213
0.298
0.272
0.319
0.263c
0.273
0.047
0.648
0.247
0.293
0.156
0.326
0.387
0.312
0.256
0.248
0.26
0.202
0.262
0.251
0.236
0.357
0.323
0.357
0.34
0.278
0.314
0.3c38
0.283
0.316
0.275
0.297

0.263
0.15
0.136
0.05
0.087
0.28
0.408

0 0

16.74
6.74
8

0.043
0.068
0.26

0.16 90
90
0
0

30
30
90
90
90
0
0

40
30
90
90
90
90
90
0
0
0
0
0
0

6.85 0.1 6.4Q

3.46 0.097.59 0.135

0.84 0.014

14.47 o. 10 0.144

0.304 8 0.11823

23

17.

11.

31.

4.

6.

7.

Z6.
47.

44.

7.

7.

15.

0.328
0.132
0.075
0.032
0.020
0.055
0.102
0.318
0.14
0.5
0.0445
0.056
0.325

10
10
10.2
30.40
6.3
4.35
4.7

0.144
0.144
0.067
0.0604
0.08
0.0537
0.097

30.7
28.20
6.67
4.34
5.2

0.067
0.207
0.1156
0.053
0.1415

Pc, confining pressure; ITl.d' ll1ajor principal compressive stress at onset of dilation; Bv,d' volumetric
strain at onset of dilation; IT l.y' major principal compressive stress at yield; B.,y' axial strain at yield; {3, angle
between upward normal of bedding plane and ITl'

'IT30 = 15.
b '
IT3,O = 5.

parture of the stre~s-strain curve from linearity, indicating the
termination of the linear-elastic stage of deformation. Tpe
onset of dilation point, defined by axial stress and volumetric
strain at onset of dilation «(T I,d' Bv,d)' was found using the slope
reversal point in the tqtal volumetric strain curve, following tbe
convention used by Brace et al. [1966]. This point is different
from the crack initiation point found by Martin and Chandler
[1994] for granites by subtracting the elastic volumetric strain
from the measured (total) volumetric strain or by detectin~ the
deflection point in the radial strain curve as found for potash
salt rock by Lajtai etal. [1994].

plastic deformation stage in a biaxial test, a loop is performed
in which axial stress is unloaded at a constant strain rate of
10-5 S-1, confining pressure is increased to !ic new level, a1)d
axial stresS is reloaded under a constant strain rate of 10-5 S-1.
These tests were used to study the infl~ence of confining pres-
s~re variations on the stress-strain law and to inve~tigate mem-
ory aspects. (3) Initial hydrostatic compression is performed up
to a desired level (0"3,0), follQwed by an unconfined compres-
sion test under a constant strain rate of 10-5 S-1. These tests
were used to study the influence of stress history (or depth of
burial) on the stress-strain law.

Stress-Strain Law

A typical stress-strain curve for a biaxial test is shown in
Figure 4 for a sample which was loaded in parallel to bedding
(/3 = 90) under a constant strain rate of 10-5 S-1. Thre~
d~formation stages can be recognized: (1) elastic stage, termi-
nating at the yield point (point a) and charact~rized by a line!,r
slope, (2) transition stage, from elastic to elastic-plastic d~for-
mation (between points a and b), characterized by a curve with
a r~latively small radius of curvatur~, and (3) elastic-plastic
stag~, govem~d by strain hardening d~fofffiation (between
points band e) and characterized by a curve with a relatively
large radius of curvature.

Experimental Results
A summary of test results for all samples is shown in Table

1. The numbers in parentheses next to the sample name indi-
cate the order of the test in the sequence of segments per-
formed. The confining pressure level was always increased
when more then one segmept was performed. The reported
values of elastic constants are average values, calculated in at
least three unload-reload segments at a given confining pres-
sure. The values were found using linear regressiqn along the
unloading component of the loop. The yield point, defined by
axial stress and axial strain at yield (Ul,y, I"v,y), marks the de-

18.24
7.20

28.09
17.42
8.12

10.88
35.59

26
9
08
75
5
4
07
00
6
3
4
3
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- axial strain - volumetric strain radial strain

Figure 4. Constant strain rate (10-5 S-l) test results for a typical rock salt sample from Mount Sedom which
is loaded parallel to bedding ({3 = 90").

limited to confining pressures between 0 and 4.5 MPa. At
higher values of confining pressures the effect on the stress-
strain law is negligible. The effect of anisotropy on the stress-
strain law is also limited to low confining pressures. Uncon-
fined samples loaded parallel to bedding «(3 = 90°) are stronger
than ~amples loaded normal to bedding «(3 = 0°); this effect is
diminished at higher confining pressures. It is important to
note that the anisotropic effect on the stress-strain law at low
confining press~re (Figure 5, Pc = 0 MPa) is evident only after
yif;ld stress ha,s been achieved; during the elastic deformation
stage, there is no marked difference in the mechanical re-
sponse to normal and parallel compression.

Increase of confining pressure at the elastic-plastic stage
during an unload-increase confining pressure-reload loop (points
c and d) has little effect on the predefined stress-strain law.

The characteristic influence of confining pressure and bed-
ding plane orientation on the stress-strain lilW is shown in
Figure 5 where the results of five biaxial tests performed on
samples from block V are plotted. Two tests performed under
unconfined compression at /3 = OC? (bold line) and /3 = 90°
(dotted line), one test under confining pressure of 4.5 MPa at
/3 = 90°, and two tests under confining pressure of 24.7 MPa at
/3 = 0° (bold line) and /3 = 90° (dotted line) are shown. It can
be seen that th~ strengthening effect of confining pressure is

.,. . I un!..
25 ,

- nonnal to bedding parallel to bedding

Figure 5. Influence of confining pressure and bedding plane 9rientation on the stress-strain law.
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pIes loaded parallel and normal to bedding exhibit identical
results at equal levels of confining pressures. Poisson's ratio
appears to be independent of confining pressure at all levels
(Figure 6b), exhibiting a constant value of about 0.27. As in the
case of the elastic modulus, material isotropy is indicated.

The material isotropy indicated by the elastic parameters is
consistent with the isotropy of the stress-strain curve in the
elastic stage of deformation (Figure 5). Furthermore, analysis
of yield stress data also shows material isotropy, since yield

Elasticity
The influence of confining pressure and bedding plane ori-

entation on the elastic modulus and Poisson's ratio are shown
in Figure 6. All the data presented in Table 1 are plotted with
the exception of samples containing inclined beds and samples
tested following initial confinement. The elastic modulus (Fig-
ure 6a) increases with confining pressures in the range of 0 to
10 MPa, beyond which it exhibits a constant value of about 18
GPa. The elastic modulus indicates material isotropy, as sam-
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Figure 7. Influence of confining pressure and bedding plane orientation on yield stress. Diamonds, 0'3 = 0
MPa; crosses, 0'3 = 3-5 MPa; circles, 0'3 = 25 MPa.

stress is found to be influenced by confining pressure but not by
bedding plane orientation (Figure 7). These results indicate
that the mechanical response during the elastic stage of defor-
mation and up to the yield stress is isotropic. It should be noted
that yield stress values for Mount Sedom rock salt are signif-
icantly higher then those reported by Wawersik and Hannum
[1980] or Hansen et ai. [1981] for natural rock salt bodies in the
United States.

bedding plane orientation effect however is new and is explored
here. Stress at onset of dilation is found to be highly sensitive
to orientation. When samples are loaded parallel to bedding
(thin lines in Figure 8), dilation is initiated at relatively lower
stresses. Furthermore, once dilation is initiated, the relative dila-
tion with respect to stress difference (V = Ide) d( 0'1 - 0'3)1;

0' 1 > 0' I,d; MPa -1), is higher for parallel compression.
Compilation of all the available data for axial stress (0' I,d) at

onset of dilation as a function of confining pressure (0'3) and
bedding plane orientation (13°) is shown in Figure 9. Dilation
stress clearly increases with confining pressure and decreases
with 13 for all levels of confining pressure.

The relative dilation (V, MPa-1) is determined here by the
inverse of the slope of the volumetric strain versus stress dif-
ference curve, when measured beyond the dilation point and
along the linear segment of the curve. Inspection of our volu-
metric strain curves (e.g., Figure 8) reveals that the linear
segment is a very characteristic feature of advanced stages of
deformation, corresponding to the elastic-plastic deformation
stage discussed above. Calculated values of V and correlation
coefficients for linear regressions performed on tests which
were continued beyond the dilation point and along a stress
difference interval dO' are tabulated in Table 2. The two tests
with low R2 values (MS4l and MS42) were not continued well
into the linear segment of the volumetric strain versus stress
difference curve. The effect of confining pressure and bedding
plane orientation on the relative dilation (V) is demonstrated
in Figure 10. In Figure lOa the effect of confining pressure on
V is shown. In general, the relative dilation decreases with
increasing confining pressure and increases with increasing
values of 13. At low confining pressures the influence of 13 is
very significant; in unconfined compression, the difference is a
factor of about 3 «V /3=90/V /3=0)"3=0 = 3). This effect is
reduced with increasing confining pressure; at 0'3 = 25 MPa
the difference is about 1.6 «V /3~90/V /3~0)"3~25 = 1.6). The
influence of bedding plane orientation on the relative dilation
is shown in Figure lOb. Exponential best fit lines are plotted for

Volumetric Strain Behavior

Typical trends of volumetric strain behavior are demon-
strated in Figure 8 where results of tests performed on six
samples from block V are shown. The isotropy of the elastic
stage of deformation discussed above is again exhibited in the
volumetric strain data for the unconfined compression test
(Pc = 0 MPa) and for the biaxial test with confining pressure
of 24.7 MPa. The elastic deformation stage in the intermediate
condition (Pc = 4.5 MPa) does not indicate isotropy, but this
is a result of a test artifact which occurred during axial load
application in the (3 = 0 test.

During the elastic stage of deformation the volume of the
sample decreases linearly as indicated by the first segment of
the volumetric strain curve. Initiation of volume increase be-
gins at the point at which the volumetric strain curve changes
sign. At this point the volume of the sample is at a minimum,
and this point marks the end of sample compression and the
initiation of dilation, i.e., the compression-dilation boundary.
From the onset of dilation, deformation is inelastic and volume
growth is detected.

Two factors control the volumetric strain curve for biaxial
compression under constant strain rate: confining pressure and
bedding plane orientation. With increasing confining pressure
the amount of compression prior to dilation decreases (or the
bulk modulus increases), and the stress at which dilation
initiates increases. This dual effect is clearly demonstrated by
Stonnont and Daemen [1992], and by Stonnont et at. [1992] for
New Mexico rock salt, and is found here for all values of 13. The
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Figure 8. Influence of confining pressure and bedding plane orientation on volumetric strain.
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Figure 9. Influence of confining pressure and bedding plane orientation on axial stress at onset of dilation.
Diamonds, a3 = 0 MPa; crosses, a3 = 3-5 MPa; circles, a3 = 25 MPa.
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Table 2. Calculated Values of Relative Dilation = ~ (7[- (7J2+-(0"2--U31'"-+-(~"
~---~-- ;

uJ:
(2)T oct

0" m is mean or octahedral normal stress (= (1/3)(0"1 + 0"2 + 0"3)
= (1/3)/1)0

0
3
4.6

10
14.6
25
3
3
0
0
3
4.5

24.7

16-16.7
14.5-16.5
20.5-22.4

24-26.5
15-18.5
33-34

23.5-24
21.5-24.5

23-25.5
14-16.5
13-17
16-23
15-20
17-22

0.8003
0.9633
0.9486
0.8998
0.9694
0.67117
0.649
0.975
0.949
0.9774
0.9776
0.9731
0.9829
0.9859

0.03087
0.03591
0.03190
0.01216
0.01844
0.02064
0.01742
0.0327
0.02614
0.08241
0.09375
0.08111
0.04868
0.02881

/1 = 3um

and their fitting parameters (for megapascals) are

/1 = -0.0168, /2 = 0.86

It can be shown that in terms of stress invariants the Cristescu
and Hunsche criterion becomes

~ = -O.O023I~ + 0.3511/] (3)

where J 2 is the second invariant of the deviator stress tensor
given by(3, bedding plane orientation; Pc, confining pressure; ~o:, stress

difference interval used for linear regression; R , correlation coeffi-
cient.

[(0"2 - 0"3)2 + (0"3 - O"J2 + (0"1 L O"J21
- - - - - -I --

- 6 i (4)

~= YT (5)oct

Spiers et at. [1988] have found a linear compression-dilation
boundary of the form

purpose of demonstration. The effect of bedding plane orienta-
tion is more significant for parallel compression where the differ-
ence in relative dilation is about 3.2 «V (T3=ofV (T3=25)/3=90 "" 3.2),

whereas in normal compression the difference is about 1.8
«V (T3~0/V (T3~25) /3=0 "" 1.8).

These observations indicate that for a fixed level of confining
pressure, less mechanical energy is required to induce dilation
as the major principal compressive stress direction becomes
parallel with the discontinuities (/3 - 90°). These findings
should be valid for any transverse isotropic rock, but the effect
is best demonstrated using rock salt due to its high sensitivity
to small deviator stress changes. The practical implications of
this finding are clear: in underground space created in trans-
verse isotropic rock mass the rock is expected to dilate readily
when the direction of anisotropy coincides with the direction of
the major principal compressive stress. Furthermore, the rel-
ative dilation in parallel compression is expected to be much
greater than in normal compression.

du~ 2.74P + 6.4 (6)

where P is the confining pressure (U2 = U3) and ~u is the
difference between the axial stress and confining pressure
(Ul - U3) in megapascals. In terms of stress invariants this

criterion becomes rVan Sambeek et al.. 19931

~~O.27I1+ 1.9 (7)

Finally, Ratigan et at. [1991] also suggest a linear boundary
between compression and dilation, similar in form to the cri-
terion of Spiers et at. [1988]:

/T,~O.27I, (8)

Applicability of Empirical Compression-Dilation
Boundary Models

Several models have been published recently for the com-
pression-dilation boundary in rock salt, some of which were
reviewed by Van Sambeek et at. [1993]. Cristescu and Hunsche
[1992], Hunsche [1993], and Cristescu [1993] reported true tri-
aXial test results (Ul > U2 > U3) performed under fast loading
rate on cubic specimens from Asse salt mine and Gorleben salt
dome. Spiers et at. [1988] reported results from tests performed
on cylindrical specimens of Asse salt under biaxial compression
(Ul > U2 = U3) at constant strain rates. Ratigan et at. [1991]
summarized the stress conditions which cause dilatancy of
Avery Island domal salt and Waste Isolation Pilot Plant
(WIPP) bedded salt in tests on cylindrical specimens under
biaxial compression (Ul > U2 = U3)' All three groups have
attempted to generalize a compression-dilation boundary us-
ing stress invariant values taken at point of minimum volume.

The compression-dilation boundary of Cristescu and Hun-
sche [1992] has the form of a second-order polynomial:

Van Sambeek et at. [1993] plot the three criteria and argue
that for low mean normal stress levels (0 < II < 50 MPa; 0 <
am < 17 MPa) the predictions are sufficiently similar for all
criteria, and they proceed to develop a damage criterion for
dilation initiation around underground openings in rock salt
based on the Ratigan et at. [1991] boundary criterion. It should
be noted, however, that for mean stresses greater than 20 MPa
(II > 60 MPa) the deviation between the polynomial expres-
sion of Cristescu and Hunsche [1992] and the two linear ex-
pressions is quite large.

The three boundary criteria are plotted in Figure 11 with all
the data points which were obtained in this study. The results
of both normal and parallel compression are shown. It can be
seen that for 0 < II < 60 MPa the results, except for one
outlier, fall within the band defined by the three criteria. How-
ever, for II > 60 MPa a greater scatter is observed and a
deviation from the linear rule IS clearly suggested. Further-
more, when al is normal to bedding planes (/3 = 0), the
boundary is higher then predicted by the suggested models,
and follows roughly the criterion of Spiers et at. [1988]. Com-
pression parallel to bedding planes (/3 = 90) roughly follows
the model suggested by Cristescu and Hunsche [1992].

Best fit curves for our data are shown in Figure 12. Two
curves are plotted for /3 = 0 (bold line) and for /3 = 90 (thin

(1)'Toct ~flO"~ +f20"m

where 'Toct is octahedral shear stress given by
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intercept value here is 2.9 MPa for normal compression only,
and the intercept value suggested by Spiers et at. [1988] for
their entire data set is 1.9 MPa. For parallel compression the
intercept value is zero, as suggested by Ratigan et at. [1991],
and by Van Sambeek et at. [1993] for the entire data set they
analyzed. Two approximately linear boundaries should be used
therefore for low mean normal stress, an upper boundary for
normal compression (/3 = 0) with an intercept with (J 2) 1/ 2,
and a lower boundary for parall~l compression (/3 = 90) with

intercept of 0, (3) For a large range of mean normal stress
(0 < O"m < 33 MPa) the compression-dilation boundary is
defined by a second-order polynomial law as suggested by
Cristescu and Hunsche [1992]. Two boundaries must be used,

line). A second-order polynomial equation provides the best
approximation to the two data sets, yielding regression coeffi-
cients of 0.58. The polynomial form of the obtained boundaries
is identical to that which was obtained by Cristescu and Hun-
sche [1992] for the general case (equation (1» with val~e of
fitting coefficients; see Table 3.

Several conclusions can be made from the discussion and
observations above: (1) The compression-dilation boundary
for normal compression (/3 = 0) is higher than for parallel
compression (/3 = 90), (2) For low values of mean normal
stress (0 < am < 17 MPa) the boundary can be approximated
by a linear law. For normal compression the boundary has an
intercept with (J.,)1/2 as found by Spiers et al. r19881. The
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however: an upper boundary for fJ = 0 and a lower boundary
for fJ = 90. It is expected that for inclined anisotropy (0 < fJ <
90) the results should plot between the two boundaries.

idently on the dilation mechanism. In brittle rock, which is
inherently filled with initial flaws in the form of grain bound-
aries, the most commonly assumed mechanism for volume
groWth is the sliding crack model [Brace and Bombalakis, 1963;
Hoek and Bieniawski, 1965; Nemat-Nasser and Hori, 1982;
Ashby and Hallam, 1986; Kemeny and Cook, 1991]. In proposed
solutions for the stress at crack initiation [e.g., Ashby and
Hallam, 1986] the orientation of the initial flaw is a key factor,
because the magnitudes of tensile stresses at a crack tip and
shear stresses across a crack surface depend on crack orientation.

Volume growth has also been detected in ductile rock salts
and potash salt rocks. Van Sambeek et al. [1993] reported
measurements on initial voids before and after triaxial com-
pression in rock salt using petrographic microscopy. They
found that the vast majority of void volume was produced by a
feW relatively larger fractures and concluded that larger frac-
tures grew preferentially after formation. A mOst important
observation they made was that the fractures were always par-
allel or subparallel to the maximum principal stress and oc-
curred almost exclusively on grain boundaries with few if any
cleavage fractures. Similar findings were reported by Lajtai et
al. [1994] who showed that tensile fractures in potash mines
propagated parallel to the maximum principal stress trajectory
(perpendicular to the minimum principal stress).

In the studied rock salts the matrix is quite homogeneous.
The anisotropy, derived from sedimentation processes, is man-
ifested by bedding plane partings. The preexisting bedding
planes are also planes of discontinuity and as such are expected
to be sites for nucleation and groWth of dilation processes. The

Discussion
Volume growth or dilation has recently become a major

issue in the study of rock salt mechanics due to an increasing
interest in utilization of underground space in rock salt for
permanent storage of hazardous waste. Rock salt is a preferred
candidate due to its high thermal conductivity, low water cori-
tent, and very low permeability. The compression-dilation
boundary is of particular interest, because once the stresses
around an opening exceed that limit the rock is expected to
dilate, microfracture processes are expected to ensue, and the
permeability of the host rock is expected to increase.

The results presented above show that anisotropy should be
considered in mechanical evaluation of rock salt behavior. It
was shown that during linear-elastic deformation the effect of
anisotropy is negligible, including the effect on yield stress.
However, as soon as inelastic deformation develops and vol-
ume growth under compression ensues, anisotropy influences
both stresses and rates of deformation. Some mechanical con-
straints on dilation in anisotropic rocks are discussed below,
and a new empirical model for compression-dilation boundary
in anisotropic rock salt is presented.

Constraints on Dilation in Anisotropic Rock

We have shown that bedding plane orientation has a pro-
nounced effect on the compression-dilation boundary and ev-
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The magnitudes .of the resultant stress vector p, the shear
stress '1", and normal stress (]" components are plotted in Figure
13 as a function of {3, where {3 is the angle between the plane
normal and (]"l, as defined above. At the two extreme orienta-
tions the magnitude of the resultant stress becomes equal to
the magnitude of a principal stress. In normal compression,
where {3 = 0, the magnitude of p equals to the major principal
compressive stress «]"l); in this configuration, maximum
amount of energy is required for dilation, the onset of which is
expected to take place at relatively high (]" l,d values. In parallel
compression, where {3 = 90°, the magnitude of p is equal to the
minor principal compressive stress «]"3); in this configuration
the energy required for dilation is minimal, and onset of dila-
tion is expected to take place at relatively low values of (]" I,d. In
any other orientation the magnitude ofp is between these two
extreme values, depending on the value of {3.

energy required for dilation must overcome the force which
keeps the dilating plane closed. The resultant compressive
stress (p) which acts on an inclined plane in a biaxial com-
pressive stress field generates the reaction against which dila-
tion forces must act. The magnitude of p in terms of principal
stresses is given by

(9)p = v'ui 00&2 1:1 + ~ &in2 1:1

and the shear and normal stress components are

(Ul - U2) sin 2{3
10)'1'=

(0'1 - O'z) cos 2{3

2

0'1 + 0'2

2 (11)

Table 3. Comparison Between Second-Order Polynomial
Coefficients Where Anisotropy Is Ignored [Cristescu and
Hunsche, 1992] and Results of This Study for Parallel and
Normal Compression

A New Empirical Model for Compression-Dilation Boundary
in Anisotropic Rock Salt

The results of this study can be used for the determination of
the major principal stress at onset of dilation (O"l,d) as a func-
tion of confining pressure 0"3 and discontinuity orientation /3 by
the following model:This Study

O"l.d = k1ek2/3 (12)

where k1 is a function of 0"3 given by a second-order polynomial:

k1 = -O.O7430"~ + 3.22230"3 + 12.9
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confining pressure, and the rate of change of a I,d decreases
with increasing confining pressure for all values of {3.

Summary and Conclusion
The mechanical behavior of anisotropic rock salt is discussed

using bedded rock salt samples which were extracted from
Mount Sedom salt diapir. The stress-strain law of the tested
samples consists of elastic, transition, and elastic-plastic stages
of deformation. The strengthening effect of confining pressure
is observed up to 4.5 MPa, beyond which little influence of
pressure on the stress-strain law is detected. Confining pres-

and k2 is a power coefficient. The values of ki and k2 obtained
in this study are given in Table 4. The power coefficient k2 cali.
be approximated by an average value of -0.0057. The predic-
tive capability of the model is shown in Figure 14 where pre-
dicted and measured values of u I,d are compared.

Having established the validity of the model (equation (12»
for our set of data (Figure 14), we proceed and create a
generaliZed prediction for a range of discontinuity orientations
(0 :S ~ :S 90°) and confining pressures (0 :S U3 :s 25 MPa); as
shown in Figure 15. It can be seen that stress at onset of
dilation decreases with increasing value of ~. The rate of
change of UI,d with respect to ~ decreases with decreasing
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confining pressure, and the rate of change of Ul.d decreases
with increasing confining pressure for all values of /3.

and k2 is a power coefficient. The values of k1 and k2 obtained
in this study are given in Table 4. The power coefficient k2 can
be approximated by an average value of -0.0057. The predic-
tive capability of the model is shown in Figure 14 where pre-
dicted and measured values of ()" 1 d are compared.

Having established the validity ~f the model (equation (12»
for our set of data (Figure 14), we proceed and create a
generalized prediction for a range of discontinuity orientations
(0 :$ fJc :$ 90°) and confining pressures (0 :$ (J"3 :$ 25 MPa), as
shown in Figure 15. It can be seen that stress at onset of
dilation decreases with increasing value of fJc. The rate of
change of (}"l,d with respect to fJc decreases with decreasing

Summary and Conclusion
The mechanical behavior of anisotropic rock salt is discussed

using bedded rock salt samples which were extracted from
Mount Sedom salt diapir. The stress-strain law of the tested
samples consists of elastic, transition, and elastic-plastic stages
of deformation. The strengthening effect of confining pressure
is observed up to 4.5 MPa, beyond which little influence of
pressure on the stress-strain law is detected. Confining pres-

0 10 20 30 40 50

0'1.d measured (M Pa)

Figure 14. Correlation between empirical model predictions and observations for axial stress at onset of
dilation (R2 = 0.956).



HATZOR AND HEYMAN: DILATION OF ANISOTROPIC ROCK SAl: 14.867

50

45

40

35

30

25

20

15

20 - 25 MPa

15MPa

10MPa

'iU'
c..
~-
'D

b
5 MPa

10
0 MPa

5

0

p (degrees)
Figure 15. Model prediction for axial stress at onset of dilation as a function of confining pressure and
bedding plane orientation.

sure increase during the elastic-plastic deformation stage has
little effect on the stress-strain law. These features are charac-
teristic of other rock salt bodies as well [e.g., Wawersik and
Hannum, 1980].

The influence of anisotropy on the mechanical behavior is
studied in terms of the stress-strain law, the elastic constants,
the yield stress, and the compression-dilation boundary. Care-
ful measurements of elastic modulus and Poisson's ratio indi-
cate that they are influenced by confining pressure but insen-
sitive to anisotropy. Similarly, yield stress is clearly influenced
by confining pressure but not by anisotropy. The stress-strain
curve therefore indicates isotropy at least up to the yield stress.

The volumetric strain curve indicates isotropy during the
elastic stage of deformation, in agreement with the results
discussed above, and up to onset of dilation. However, initia-
tion of inelastic deformation (dilation) and relative volume
growth are highly sensitive to anisotropy. The stress at onset of
dilation depends on the orientation of the discontinuities: max-
imum stresses are measured when compression is normal to
bedding planes (/3 = 0°), the stress decreases with increasing
values of /3, and minimum values are measured when compres-
sion is parallel to bedding planes (/3 = 90°). Similarly, the
amount of compression prior to dilation decreases with in-
creasing values of /3. The influence of confining pressure on
volumetric strain and on dilation follows typical trends of rock
salt, for example, as shown by Stonnont et at. [1992]. An im-
portant new observation is that the relative dilation (V =
l~ej~(O"l - O"z)l, 0"1 > O"d)' defined beyond dilation point

along the linear segment of the stress-volumetric strain curve,

is highly sensitive to both confining pressure and anisotropy.
Relative dilation increases with decreasing confining pressure
and increasing {3; namely, dilation is intensified with decreasing
confining pressure and as the major principal compressive
stress direction becomes parallel with the discontinuities (bed-

ding planes).
Current models for the compression-dilation boundary ig-

nore anisotropy and therefore provide site specific solutions
but fail to describe general rock salt behavior. It is shown that
the compression-dilation boundary should have the form pre-
dicted by Cristescu and Hunsche [1992]; however, a dual crite-
rion must be used for normal and parallel compression ({3 = 0
and (3 = 90, respectively).

Using a very simple mechanistic approach and assuming that
dilation processes nucleate inside the available discontinuities,
it is argued that the work required for dilation is a function of
{3. In normal compression ({3 = 0°), dilation energy must over-
come the magnitude of the resultant compressive stress across
the discontinuity, which in that configuration is identical to the
value of the maximum compressive stress (aJ. In parallel
compression ({3 = 90°) the magnitude of the resultant com-

pressive stress equals the minor principal compressive stress
(a3)' Therefore the external energy required for dilation de-
creases with increasing {3.

A new empirical model for dilation in anisotropic rock salt is
developed for our specific data set of Mount Sedom samples.
According to our site specific model predictions, stress at onset
of dilation (al,d) decreases with decreasing confining pressure
and with increasing value of {3. The rate of change of al.d with
respect to {3 decreases with decreasing confining pressure, and
the rate of change of al.d decreases with increasing confining
pressure for all values of {3.Table 4. Experimentally Obtained Values of Empirical

Coefficients k1 and kz
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