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Summary

Because of its advantageous physical and mechanical characteristics, salt rock is considered an
excellent host rock for nuclear waste disposal. Nuclear wastes in a salt rock repository will
continue to emit radiation and thermal energy for decades after placement, resulting in a sig-
nificant rise of the surrounding salt rock temperature. Consequently, study of the physical and
mechanical characteristics of salt rock under different temperature conditions is essential to ensure
the integrity of the salt rock repository and the safe isolation of nuclear wastes from the biosphere.

Through a series of physical and mechanical tests on thenardite salt rock at different tem-
peratures (ranging from 20 �C to 240 �C), it is found that the mechanical parameters have different
reactions to a changing temperature. Tests show that the ultrasonic velocity of samples decreases
with temperature increase and both the uniaxial compressive strength and axial strain increase
with temperature, whereas the tangent modulus Et goes in an opposite direction. Meanwhile, the
plastic strain increases gradually and strain-softening behavior of the samples becomes increas-
ingly evident. In the pre-set angle shear tests, both the cohesion and internal friction angle increase
with temperature. Results obtained in direct shear illustrate that both the peak shear strength and
the ultimate shear strength increase with temperature.

We conclude that the behavior of thenardite salt rock at high temperatures is still advantageous
to the integrity of salt rock repository, assuring the safe isolation of nuclear wastes from the
biosphere.
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1. Introduction

Salt rock is found as large-scale deposits with simple structural and hydrologic con-

ditions. Also, the overburden layers above typical salt rock deposits form a barrier



between the salt and shallower ground water. The physical and mechanical charac-

teristics of salt are evidenced in its compact texture, low porosity, low permeability

and strong rheological properties (creep behavior). Consequently, salt rock is widely

accepted as an ideal host for petroleum and natural gas storage caverns and can be

also used to dispose of harmful and poisonous wastes, particularly radioactive

nuclear wastes (Yang, 1989; Langer, 1993; Soppe et al., 1994; Cuevas et al., 1996;

Staudtmeister and Rokahr, 1997; Kwon and Wilson, 1999).

After 40 years of operation of nuclear power plants, the proper disposal of radio-

active nuclear wastes remains a critical and urgent problem (Soppe et al., 1993; Soppe

and Prij, 1994). Disposing radioactive nuclear wastes in salt rock (rock salt) deposits

has been widely accepted (Haupt, 1991; Sambeek et al., 1993; Chan et al., 1994, 1996,

1997; Chen, 1996; Doyle et al., 1997; Czerwinski et al., 1999; Renner et al., 2000;

Mahnken and Kohlmeier, 2001), although many technical issues are still not fully

resolved.

Soppe et al. (1994) indicate that nuclear wastes still have strong radioactivity after

many years of underground disposal, leading to a long-term increase of the tempera-

ture in surrounding rocks. As a result, the temperature of the surrounding rocks of a

1000 m deep radioactive waste repository could reach as high as 165 �C. At high

temperatures, the structure of the salt rock (rock salt) crystal and its physical and

mechanical characteristics will change (Cuevas, 1997), therefore, to help understand

long-term repository integrity, research on the changes of salt rock crystal structure

and its physical and mechanical characteristics at high temperatures becomes impor-

tant and necessary. In this paper, we discuss experimental results obtained from

different tests on thenardite salt rock samples, including ultrasonic velocity tests

and mechanical tests at different temperatures ranging from 20 �C to 240 �C.

2. General Information and Testing Procedures

All the thenardite salt rock samples tested were taken from a mirabilite deposit located

2200 meters underground at Hongze Lake (Jiangsu Province, China). The component

of the samples is pure thenardite (Na2SO4). Samples of different shapes and sizes are

tested according to ISRM suggested methods.

More than 20 groups of tests have been carried out in the laboratory at five

different temperatures ranging from 20 �C to 240 �C. Ultrasonic velocity tests, uniaxial

compression tests, pre-set angle shear tests and also direct shear tests were carried out.

A SYC-2 sonic wave measuring instrument is used for the ultrasonic velocity tests.

For compressive and shear strength tests, a WED-50 hydraulic pressure system is

employed. Samples were heated to different temperatures with a HG101-3A electric

heating box, with a maximum temperature of 300 �C.

All samples were prepared in accordance with ISRM suggested shape and size,

and heated to different target temperatures for at least 12 hours. Then they were

immediately tested in the various experimental configurations of the test program.

To ensure the accuracy of the tests, at least three samples were tested in each group.

As salt rock is a relatively soft rock, the loading rate is controlled to 0.5–0.7 MPa=s

during the tests.
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3. Ultrasonic Velocity Tests

Ultrasonic velocity tests are carried out with SYC-2 sonic wave measuring equipment.

As shown in Fig. 1, with temperature increase the ultrasonic velocity of samples

decreases from 3.17� 103 m=s at 20 �C to 1.55� 103 m=s at 240 �C. The opposite

trend for sample strength makes us presume that the internal structure of the salt rock

has been changed during the heating process. The ultrasonic velocity of an ordinary

rock also gradually decreases with the rising of temperature, but this decrease mainly

arises from thermal cracking, i.e. spreading and increasing of internal fissures and

voids, usually along crystal grain boundaries. However, direct shear tests for salt rock

show that its cohesive strength increases with temperature (Section 6) as the texture of

the crystallite becomes more compact and stronger, therefore the decrease of ultra-

sonic velocity of salt rock is different from that of ordinary rocks. This feature is

undoubtedly advantageous to the stability of the salt rock repositories because higher

temperatures actually leads to closure of microfissures and a more compact (lower

permeability) structure. Through regression analysis, an exponential relation between

ultrasonic velocity (V) and temperature (T) is obtained as

V ¼ 3:38 e�0:0032 T ½�103 m=s�: ð1Þ

4. Uniaxial Compression Tests

Three groups of uniaxial compression tests were carried out at temperatures of 20 �C,

120 �C and 180 �C respectively. Cylindrical specimens with diameter of 50 mm and

height of 100 mm were tested. The results are shown in Table 1 and in Figs. 2–4.

Fig. 1. The ultrasonic velocity changes of the salt rock with temperature increase from 20 �C to 240 �C

Table 1. Results of uniaxial compression tests for salt rock at different temperatures�

Temperature [�C] Peak load [KN] Peak strength [MPa] Tangent modulus [GPa]

20 20.8 10.6 2.15
120 36.3 18.5 1.87
180 40.6 20.7 1.14

� All theses values are average values from the three test groups.
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Fig. 2. Stress-strain curves of the salt rock during the uniaxial compression test at 20 �C, 120 �C, and 180 �C
respectively

Fig. 3. Photo of cylindrical sample in unaxial compression test at 120 �C before failure

Fig. 4. Photo of cylindrical sample failure in unaxial compression test at 120 �C
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It is found that the peak strength becomes greater as the temperature in-

creases. Compared with the results at 20 �C, the peak strength at 180 �C increases

by 95%, while the incremental ratio is 75% at 120 �C. These data are different

from the results reported by Hunsche and Albrecht (1990) where they report that

the strength of halite samples decreases significantly above 100 �C; our results

indicate that the uniaxial compressive strength of salt rock is enhanced significantly

with the rising of temperature, although the rate of strength increase decreases

with rising temperature. From 20 �C to 120 �C, the strength increase rate is

0.08 MPa=�C, and 0.037 MPa=�C from 120 �C to 180 �C. With regression analysis,

the relation between uniaxial compressive strength �c and the temperature T is

deduced as

�c ¼ 4:54 lnðTÞ � 3:04 ½MPa�: ð2Þ

The axial strain of the salt rock is also measured during tests (Figs. 3, 4) and the

stress-strain curves obtained are shown in Fig. 2. The deformation of salt rock can

be described in four phases:

1) Small strain phase or ‘‘seating’’ phase, in which the axial stress increases from

0 to 2.5 MPa and the corresponding strain is nearly zero.

2) Elastic strain phase, in which the axial stress changes from 2.5 to about

10 MPa. This stress-strain behavior is defined as linearly elastic with an elastic mod-

ulus equal to 2.2 GPa.

3) Plastic strain phase, in which the axial stress changes from 10 MPa to the peak

strength �c and the strain rate becomes obviously greater than that characterizing the

former phases. Significant strains are observed during this phase.

4) Failure phase, in which the axial stress exceeds the peak strength �c and tensile

spalling begins to occur on the free surface of the sample until it fails.

Compared with the stress-strain curve of ordinary rock samples, it is found that

during the uniaxial compression tests salt rock does not have obvious fracture closure

behavior because there are fewer pores and fissure voids in salt rock (the initial

porosity is very low). This result agrees with that of Hunsche and Alberecht (1990)

which shows that sample size has no influence on the measured strength. Meanwhile,

the deformation during the plastic strain stage becomes more evident at high tempera-

tures, which is consistent with other research results such as those reported by Kwon

and Wilson (1999).

The stress-strain curves indicate that under uniaxial compression the physical and

mechanical characteristics of salt rock change with temperature, and the failure mode

of samples becomes more ductile. Both the compressive strength and the axial strain

increase with temperature; at 120 �C the axial strain at failure is 1.55 times that at

20 �C, whereas at 180 �C it is 2.78 times that at 20 �C. However, it is found that the

tangent modulus Et decreases from 2.15 GPa at 20 �C to 1.14 GPa at 180 �C, which

implies that the deformability of the salt rock is more pronounced with higher

temperature.

It has also been found that under same loading, strain is greater with higher

temperature. The peak strain at 180 �C reaches 182.35%, more than 3.7 times of that
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at 20 �C, which indicates that ductile strain softening behavior becomes greater with

temperature.

5. Pre-set Angle Shear Tests

In a direct shear test, the angle between the shear plane and the horizontal plane is

zero, while in the pre-set angle shear test this angle is pre-set as 40�, 45�, 50�, and 55�

by using in each case a different container, i.e. the shear failure plane of each sample

is pre-set. The peak failure stress is obtained in each test by giving the normal stress

(�) perpendicular to the shear plane, and the shear stress (�) parallel to the same plane

(Fig. 5).

Fig. 5. Mechanical model of pre-set angle shear test, in which angle � between the shear plane and the
horizontal plane can be changed with different container boxes. Different angles 40�, 45�, 50�, and 55� were

used in the tests

Fig. 6. Photo of cubic sample before failure in pre-set angle shear test with angle � of 60�
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Pre-set angle shear tests were carried out at three different temperatures: 20 �C,

60 �C, 120 �C (Figs. 6–8). Results are listed in Table 2 and in Figs. 9–11 by giving the

failure envelopes for salt rock at different temperatures.

Table 2. Results of pre-set angle shear tests of salt rock at different temperatures�

Shear angle [�] 20 �C 60 �C 120 �C

� [MPa] � [MPa] � [MPa] � [MPa] � [MPa] � [MPa]

40 13.95 11.71 20.34 17.07 34.44 28.9
45 10.31 10.31 16.75 16.75 27.3 27.3
50 8.61 10.26 10.72 12.77 12.34 14.7
55 5.68 8.11 7.5 10.71 9.37 13.38

� All theses values are average values from the three test groups.

Fig. 7. Photo of the cubic sample in pre-set angle shear test with angle � of 60�

Fig. 8. Photo of failure sample of the salt rock in pre-set angle shear test at 120 �C with angle � of 40�
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Through regression analysis, the Mohr-Coulomb strength equations at tempera-

tures of 20 �C, 60 �C, and 120 �C are obtained and shown below.

20 �C : � ¼ 6:11 þ � tan 22:5� ½MPa� ð3Þ

60 �C : � ¼ 7:06 þ � tan 27:6� ½MPa� ð4Þ

120 �C : � ¼ 7:09 þ � tan 33:9� ½MPa� ð5Þ

Fig. 10. The failure envelope obtained through regression analysis in the pre-set angle shear tests for the salt
rock at 60 �C

Fig. 9. The failure envelope obtained through regression analysis in the pre-set angle shear tests for the salt
rock at 20 �C

Fig. 11. The failure envelope obtained through regression analysis during the pre-set angle shear tests for
the salt rock at 120 �C
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We note that both the cohesion and internal friction angle increase with tempera-

ture, with the increase of internal friction angle being more significant. This indicates

that the shear resistance of salt rock increases with temperature, a result consistent

with those from uniaxial compression tests.

6. Direct Shear Tests

Direct shear tests at five different temperatures ranging from 20 �C to 240 �C were

carried out with a constant normal stress of 3 MPa. The test results are shown in

Table 3 and Fig. 12(a)–(e).

As shown in Table 3, both the peak shear strength �peak and the ultimate shear

strength �ult increase with temperature. At 240 �C, the peak shear strength �peak and the

ultimate shear strength �ult are 9.3 MPa and 6.3 MPa respectively, both larger by

approximately 30% of the value at 20 �C . With regression analysis, a relation between

the peak shear strength (�peak) and temperature (T) is obtained as

�peak ¼ 0:0097 T þ 6:9609 ½MPa�: ð6Þ
Figure 12(a)–(e) indicates that the deformation can also be classified into four

phases: linear elastic phase, plastic hardening phase, plastic softening phase and

residual failure phase. It is found that with increasing temperature, the ductile defor-

mation of rock salt becomes more evident during the second and third phase. The

shear displacement increases with temperature. At 240 �C the shear displacement is

10 mm, almost 2.5 times of that at 20 �C. Figure 13 is the sample after failure in the

direct shear test at 240 �C.

Additionally, it is found that during the tests the failure of salt rock at high

temperatures is obviously different from that at normal temperatures, which is in

accordance with the conclusions obtained previously. These data are in agree-

ment with Hunsche and Albrecht (1990): at high temperatures samples exhibit

ductile rather than brittle behavior. Meanwhile, acoustic emission occurs during the

failure stage in the direct shear tests at 20 �C, but it becomes weaker with higher

temperature.

Figure 14 shows a typical shear stress – shear displacement curve for sandstone at

240 �C. Different from the ductile behavior of salt rock, the sandstone specimen

clearly exhibits brittle behavior during the tests. Furthermore, it is found that the ratio

of the ultimate shear strength to the peak shear strength of salt rock is 60%, whereas

for this sandstone it is 30%. Compared with sandstone, salt rock exhibits more typical

soft rock behavior.

Table 3. Results of direct shear tests of salt rock at different temperatures�

Temperature [�C] Sample appearance �peak [MPa] �ult [MPa] Failure type

20 Yellow crystal 7.1 4.8 Brittle
60 Yellow crystal 7.5 4.8 Brittle

120 Shallow white 8.1 5.1 Ductile
180 Shallow white 8.7 5.4 Ductile
240 White 9.3 6.3 Ductile

� All theses values are average values from the three test groups.
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7. Test Results Application Potentials in Salt Rock Repositories

Since the 1950s, salt rock has been widely accepted as an excellent host rock for the

storage of natural gas and oil as well as for disposal of poisonous and hazardous wastes

because of its advantageous physical and mechanical characteristics. Several salt rock

repositories have been constructed, such as the intermediate-level radioactive waste

repository at Olkiluoto, Finland, which is located 125 m underground, and the German

Fig. 12a–e. Shear stress versus shear displacement of the salt rock in direct shear test. a: at 20 �C; b: at
60 �C; c: at 120 �C; d: at 180 �C; e: at 240 �C
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repository near Morsleben which is located in an abandoned salt mine. Also to be noted

is the Waste Isolation Pilot Plant (WIPP), an underground facility in bedded rock salt

approximately 658 m below surface in a semi-arid region near Carlsbad, New Mexico,

Fig. 12a–e (continued)

Fig. 13. Photo of the failed salt rock sample in direct shear test at 240 �C, the color of the failure face
is white
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U.S., which is fully operational and has been used for decades for weapons-based

transuranics. It is the deepest repository ever designed in the world to store and isolate

transuranic (TRU) waste (Committee on the Waste Isolation Pilot Plant, 1996).

The interaction of a repository with the biosphere is possible if there are connecting

pathways such as fissures or fractures in the rock mass surrounding it. As time elapses,

an originally well-sealed repository and the surrounding rock mass could undergo

changes in its integrity to some extent, and some fissures and fractures might develop

because of heating due to nuclear radiation, stress changes, and induced liquid flow.

However, the ductile and ‘‘flowing’’ behavior of thenardite salt rock at high tempera-

tures, as illustrated by the test results described above, is a great aid to maintaining the

sealing characteristics of a waste repository, and in such rock, wastes can be encapsu-

lated and isolated from the outside environment quickly and permanently. Furthermore,

the enhanced strength and lower porosity of salt rock with time and temperature increase

provide an additional security against breaching of the repository. Thus, neither waste

outflow nor ground water inflow appears to be possible events, and the wastes can be

assumed to remain in permanence with exceedingly low risks of biosphere interaction.

8. Conclusions

A series of tests on the physical and mechanical characteristics of thenardite salt rock

at different temperatures (ranging from 20 �C to 240 �C) has shown that with increas-

ing temperature, changes occur inside the salt rock crystallite, and several clear trends

have been noted. As temperature increases, the ultrasonic velocity of the salt rock

decreases, but both the uniaxial compressive strength and the shear strength are

enhanced. These effects are summarized as follows.

The ultrasonic velocity test results show that the ultrasonic velocity decreases with

increasing temperature, which indicates that the internal structure of the salt rock

changes. Results of strength tests confirm that the change in behavior is different from

the thermal cracking of ordinary rocks, and temperature causes the salt rock cohesive

strength to increase, not decrease. It is observed that the ultrasonic velocity (V) and the

temperature (T) of salt rock are exponentially related by V¼ 3.38 e�0:0032T [�103 m=s].

Uniaxial compression tests show that the strength of salt rock is enhanced with

rising temperature. Compared with the strength at 20 �C, it increases 74.5% at 120 �C

Fig. 14. Shear stress versus shear displacement of sandstone at 240 �C in direct shear test
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and 95.3% at 180 �C. The relationship between the uniaxial compressive strength (�c)

and the temperature (T) of the salt rock is �c¼ 4.54 ln(T)� 3.04 [MPa].

Uniaxial compression tests indicate that the stress-strain curve of salt rock differs

from that of ordinary rocks because there is no early fracture closure stage and the

flowing characteristics (ductility) are more evident at high temperatures. Moreover,

the axial strain of the samples increases with temperature and the tangent modulus Et

decreases from 2.15 GPa at 20 �C to 1.14 GPa at 180 �C. At the same time, it is found

that under the same load the deformation of the salt rock increases with temperature,

indicative of the flowing characteristic of salt rock at high temperatures.

The Mohr-Coulomb envelopes for salt rock are obtained from pre-set angle shear

tests at 20 �C, 60 �C, and 120 �C. Both the cohesion and the internal friction angle of

salt rock increase with temperature.

In direct shear tests, both the peak shear strength and the ultimate shear strength

increase with temperature. The relation of the peak shear strength (�peak) of salt rock

versus temperature (T) is �peak¼ 0.0097 Tþ 6.9609 [MPa]. The failures mode of salt

rock at high temperatures is more ductile than at low temperatures. Furthermore, the

ratio of the ultimate shear strength to peak shear strength of salt rock is about twice as

that of sandstone.

The physical and mechanical characteristics of thenardite salt rock at high tem-

peratures demonstrate that its isolating effects are improved, which tends to reduce

risk of nuclear wastes or fluids interacting with the biosphere, thus ensuring the safety

of salt rock repositories. More research is needed to study the physical and mechanical

characteristics of salt rock at high temperatures and careful consideration of these

effects should be taken in the design of salt rock repositories.
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