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Abstract

The objectives of this study are to determine strength and stiffness of rock salt under different
stress paths in the laboratory and to evaluate the predictability of the existing failure criteria and their
parameters. The effects of stress paths have been studied through the triaxial compression and triaxial
extension tests. The prepared specimens are rock salt from the Maha Sarakham formation at depths
ranging from 150 to 300 m. The specimens have the rectangular blocks with normal dimensions of
4.4%x4.4x8.8 cn. A true triaxial loading device is developed for this study. Four different stress paths
have been implemented: (I) 6.increases while c.and c.are equally maintained constant; (II) o,increases
while c.and c,are simultaneously decreases; (III) o.and c.equally increase while o,aremaintained
constant; and (IV) oc.and o.equally increase while o.decreases. For the stress paths (I) and (II), the
mean stress (o.) is increased during testing (conventional method) and for the other two, the mean
stress is maintained constant (constant mean stress method).The results indicate that the strengths
obtained for the triaxial extension is lower than those of the triaxial compression. The strengths of the
constant mean stress method are lower than those of the conventional method. The elastic modulus
and Poisson’s ratio tend to be independent of the stress path. The modified Wiebols and Cook
criterion can well predict the triaxial strengths under different stress pathswith the coefficient of
correlations of 0.91for path (I) and (III) and 0.89 for path(Il) and (IV).
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1. Introduction

The reliable strength estimation of a rock salt is necessary to develop safe and economical designs
for solution mining, compressed-air energy storage and underground salt mining. Rock salt is an
inhomogeneous and anisotropic material with complex behavior. The effects of confining pressures
at great depths on the mechanical properties of rocks are commonly simulated in a laboratory by
performing triaxial compression testing. A significant limitation of these conventional methods is
that the mean stress is not constant during the test. The actual in-situ rock is normally subjected to
an anisotropic stress state where the maximum, intermediate and minimum principal stresses are
different (o,#0,#03) and mean stress of this condition is always constant. It has been commonly

found that compressive strengths obtained from conventional polyaxial load frame or true triaxial load
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frame can represent the actual in-situ strength where the rock is subjected to an anisotropic stress
state.

Researchers from the field of material sciences believe that rock salt behaviour shows many
similarities with that of various metals and ceramics (Chokski and Langdon, 1991). However, because
alkali halides are ionic materials, there are some important differences in their behavior. Aubertin et al.
(1993, 1999) conclude that the rock salt behavior should be brittle-to ductile materials or
elastic-plastic behavior. This also agrees with the findings by Fuenkajorn and Daemen (1988)

The strength and deformation behavior of rock material are dependent on the loading path, which
have been widely investigated in the past decades to understand and explore the fracture mechanism
of various rock engineering (such deep underground rock engineering, and tunnel rock engineering,
etc.) under different loading paths (Crouch, 1972; Yao et al., 1980; Xu and Geng, 1986; Lee et al.,
1999; Wang et al., 2008; Yang et al., 2011; Yang et al., 2012). In the previous studies, two kinds of
loading paths, i.e. conventional triaxial compression and confining pressure reduction, are often
adopted to analyze the strength and deformation behavior of all kinds of rock material. On the
influence of the loading path on the strength of rock, there are two kinds of contradictory opinions.
One opinion regarded that the strength of the rock was independent of the stress path by carrying out
triaxial compression experiment for granite and norite (Swanson and Brown, 1971). Another opinion
regarded that the loading path had a significant influence on the loading path.

The objectives of this study are to invent a triaxial rock testing device, to determine the
compressive strength of the rocksalt subjected to triaxial stress states, to investigate the influence of
the intermediate stress on rock failure, and to develop three dimensional failure criterion of the rocks

that can be readily applied in the design and the stability analysis of geologic structures.

2. True triaxial compression test

The polyaxial compression tests are performed to investigate the effects of stress paths on the
compressive strengths and the deformations of rock salt.The test equipment for the polyaxial
compression tests is the true triaxial loading device. Figure 1 shows the isometric drawing of the true
triaxial loading device (on the right side) and the picture of this device during the tests. This device
is developed to test the rock specimens with soft to medium strengths under biaxial and polyaxial
stress states. During the test each set ofthe three load frames will apply independent loads to provide
different principal stresses (o; # 6,# 03) on to the rock specimens. This loading device can
accommodate the cubic or rectangular specimens of different sizes by adjusting the distances between
the opposite steel loading platens. For this study, the rock specimens have the rectangular block with
normal size of 4.4x4.4x8.8 cm’, placed around the center of device. Four different stress paths have
been implemented:(I) o increases while c.and c.are equally maintained constant; (I) o,increases while
o.and c,are simultaneously decreases; (III) o,and c.equally increase while c,aremaintained constant;
and (IV) o.and o,equally increase while c.decreases.Table 1 summarizes the testing specification for

each stress paths.
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For all tests, neoprene sheets are used to minimize the friction at all interfaces between the loading
platens and the specimen surfaces. The measured deformations are used to determine the strains along

the principal axes during loading. The failure stresses are recorded and modes of failure are examined.

Fig. 1.(a) Typical picture of true triaxial loading device during the true triaxial test. (b) General

isometric drawing of the true triaxial loading device.

Table 1. Summary of the testing specificationsfor each stress paths.

o ) Number of Applied stresses

Test condition Path Loading
Samples (MPa)
Conventional 10 o=1,3,57,10, 12,
o (Constantcs) 20, 28, 38, 45
Triaxial

) Constant mean

compression om= 15,17, 20, 22, 26,
I stress 10

30, 35, 43,57, 80
(Constant o,,)

- Conventional g 03=0,0.5,1,3,5,6.5,
L (Constant 63) 10, 12
Triaxial
) Constant mean
extension om= 26, 35, 40, 43,

v stress 8
52, 60, 70, 80
(Constant o,,))

3. Test Results

Table 2 summarizes the strength results from true triaxial tests for different stress paths for each rock
sample. For triaxial compression tests, stress path (I) (constant ;) provides higher rockstrengths than
does stress path (II) (constants,,). Based on the Table 2 (o, = 6373 MPa), sample has failure stress at
45.1 under stress path (I) and 42.7 MPa under path (II). For triaxial extension tests, stress path (III)
(constant o3) yields higher strengths, compared to the stress path (IV) (constants,,). From Table 2 (o3 =
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5 MPa), failure stress is equal to 79.6 MPa under stress path (III) and 76.0 MPa under stress path
(IV).The triaxial extension test gives higher strengths than the triaxial compression test. For example,
under the condition of constant o;, triaxial extension stress path (III) yields higher strengths of

specimens than triaxial compression stress path (I). Figure 2 compares the strength results.

Table 2. Strength results.

Triaxial compression Triaxial extension
Stress path (I) Stress path (1I) Stress path (I1I) Stress path (IV)
(constant 63) (constanto,y,) (constant 63) (constanto,,)
O) = O3 ol (MPa) 0= O3 (o3} O3 O] = 0y O3 0] = 0y
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1.0 26.5 1.0 25.6 0.0 35.1 0.5 39.5
3.0 41.5 3.1 42.7 0.5 40.4 1.1 47.2
5.0 58.6 43 55.1 1 493 2.0 52.5
7.0 66.3 7.0 65.0 3 64.9 33 60.7
10.0 79.6 10.8 76.5 5 79.6 5.1 72.6
12.0 81.8 11.5 79.4 6.5 85.5 7.3 80.1
20.0 106.4 19.9 91.2 10 98.1 9.9 85.7
28.0 119.7 29.1 109.9 12 107.9 11.7 90.5
38.0 132.5 40.5 130.0 N/A N/A N/A N/A
45.0 145.5 46.7 143.2 N/A N/A N/A N/A
0T Triaxial compression
(constant G,)
40 4
Triaxial compression
(constant ¢ )
=30t "
a9
é Triaxial extension
o8 (constant G,)
20 +
Triaxial extension
(constant G )
10 +
0 T } T } T } T } T } T } T } T } T i
0 10 20 30 40 50 60 70 80 90

o, (MPa)

Fig. 2.0ctahedral shear stresses (T,¢) as a function mean stress (Gy,).
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4. Modified Wiebols and Cook

The test results are compared with the modified Wiebols and Cook. This criteria selected because the
Coulomb criterion has been widely used in actual field applications while the modified Wiebols and
Cook criterion has been claimed by many researchers to be one of the best representations of rock
strengths under confinement. The modified Wiebols and Cook criterion is proposed by Zhou (1994).
The criterion is originally developed by Wiebols and Cook (1968) based on the additional energy stored
around Griffith cracks due to the sliding of crack surfaces over each other. The modified version by

Colmenares and Zoback (2002) defines J 21/2 at failure in terms of J; as:

L =4+BJ,+CJ} (1)

Sy =[1/6 (01 -02) +(01-03)’+ (0, =03))]"” = (3/2)"T0es (2)
J; = (1/3) x (o,+0,t03) 3)

tou= 1/3 [(01-03)"+(02 —03)*+ (03 —07)°] " 4)

where J; is the mean effective confining stress and; wheret,; is the octahedralshear stress.
The constants A, B and C depend on rock materials and the minimum principal stresses (63). They

can be determined under the conditions where 6, = o3, as follows (Colmenares and Zoback, 2002):
A =Cy3"” —BCy3 - CC/19 (5)
B =3" (q-D/(qg+2) - C/32Cy+ (q+2) 03) (6)

C=[27"/02C,+ (q-1)os— Cy]x
[[(C1+(q—1)os— C)/(2C,; +(2q+1) o3 — Cy)] — [(q-1)/(q+2)]] (7

where C; = (1 + 0.6u) Cy;
Cy=uniaxial; compressive strength of the rock;
p = tan ¢;
g= [+ D+ ul = o’ (W + §2);
u = coefficient of internal friction of the material;

¢ = angle of internal friction.

For the triaxial tests of four different stress paths, the strength calculations in terms of t.and oy,
(or J;) and the numerical values A, B and C are given in Tables3. The relationship between

octahedral shear stress as a function of mean stress is shown in Figure3.
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Table 3. Strength calculation and numerical values.

o1 o)) o3 Toct Numerical values
Path om(MPa)
(MPa) (MPa) (MPa) (MPa) A B C
265 1.0 1.0 9.5 12.0
415 3.0 3.0 15.8 18.1
_ § 586 50 5.0 22.8 25.2
8 663 70 70 267 27.9
= g 79.6 100 100  33.2 32.8 1.698 1711 -0.015
£ g 81.8 120 120 352 32.9
21197 280 280 385 43.2
1325 380 380 695 44.5
1455 450 450 785 47.3
256 1.0 1.0 9.2 11.6
427 3.1 3.1 16.3 18.7
= § 551 43 43 21.2 23.9
E g 650 70 7.0 26.3 27.3
% g 76.5 108 108  32.7 30.9 2.115 1746  -0.033
%E ?E 794 115 115 34.1 32.0
Z 1099 291 291 56.0 38.1
130.0 405 405 703 422
1432 467  46.7 78.8 45.5
351 351 0.0 23.4 16.5
_ 404 404 05 27.1 18.8
@ % 493 493 1 33.2 22.7
%; % 649  64.9 3 44.2 29.1 1698 1711  -0.015
2 T 796 796 5 54.7 35.1
& ‘E 855 855 6.5 59.1 37.2
98.1 981 10 68.7 41.5
1079 1079 12 75.9 45.2
395 395 0.5 26.5 18.3
. 412 412 1l 31.8 21.7
g % 525 525 2.0 35.6 23.8
S £ 607 607 33 415 27.0
S5 5 2.115 1746  -0.033
2 F 726 726 5.1 50.1 31.8
E ‘E 0.1 801 73 558 34.3
857 857 9.9 60.4 35.7

90.5 90.5 11.7 64.2 37.1
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50 ¢ Triaxial compression 50 Triaxial compression
(constant G,) (constant c_)
40 4 40
= 301 = 30
= o : =
= Triaxial extension 2 o _
320 | (constant 5,) 520 Triaxial extension
© e (constant &)
101 10
R?=0.91 R?*=10.89
0 ~ - - - - - - - . 0 - - - - - - - - -
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
c, (MPa) c, (MPa)

Fig.3. Test results fitted by the modified Wiebols& Cook criterion.

5. Elastic Parameters

The elastic parameters are calculated for the three-dimensional principal stress-strain
relations. The calculations of elastic parameters are made at 30-40% of the maximum
principal stresses. An attempt is made to calculate the elastic moduli along the three loading
directions. It is assumed here that the Poisson's ratio (v) of each rock specimen is the same for
all principal planes. The elastic moduli along the major, intermediate and minor principal

directions can be calculated by (Jaeger et al., 2007):

&1 = Gl/ El- A% ((52/ E2+ 03/ E3) (8)
& = 62/ Ez- A% (Gl/ E1+ 03/ E3) (9)
E3= 03/ E3- A% (01/ E1+ (52/ Ez) (10)

Where ¢, g, and &3 are the major, intermediate and minor principal strains, and E;, E; and E; are the
elastic moduli along the major, intermediate and minor directions. The calculation results are shown
in Figure4 which suggests that the elastic moduli along the principal directions are similar.The
discrepancies shown in Figure4are probably due to the intrinsic variability of each rock specimens.

Table 4 summarizes the elastic modulus and Poisson’s ratio.
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30

30 T O Triaxial compression T O Triaxial compression
(constant ) ’ 1 (constant G,)
1 . . 1 m Triaxial compression /
m Triaxial compression 1 . A
25 1 (constantoc ) h A7 25 1 (constanto,) & e
1 A Triaxial extension AAﬁ 1 A Triaxial extension A A B
1 (constantc,) A O.a ] (c?ns.tant c;) A g
20 T 4 Triaxial extension ! O 20 T 4 Triaxial extension 4,
1 (constant s ) y ] (constantc ) N
2 ] Y a4 z e
& 1 A 2 1
S 15 + / S 1
Sap 2
10 + 10 +
5 1 N__E -E, 51 N__E,-E,
o 0+ttt
0 10 20 30 0 5 10 15 20 25 30
E, (MPa) E, (MPa)

Fig. 4. Elastic modulus calculated along the major principal axes as a function of intermediate and
minor principal axes.

Table 4. Summary of the elastic modulus and Poisson’s ratio.

Mean elastic modulus Poisson’s Range of 5;
Stress path ]
(MPa) ratio (MPa)
Path (I) Triaxial compression
204+2.3 0.40 £ 0.03 0-12.0
(constant 63)
Path (II) Triaxial compression
19.36 £0.19 0.38 +0.02 8.1-27.0
(constantc,,)
Path (III) Triaxial extension
22.78 £ 1.86 0.40 £0.01 0-12.0
(constant 63)
Path.(IV) Triaxial extension
20.53+1.43 0.39+0.03 5.0-27.0

(constantc,,)

6. Discussions and Conclusions

The average standard deviation of the rock salt elastic modulus is 10.96%. This standard deviation
suggests that the fabricated rock testing device performs reasonably well.The assumption of using the
Poisson’s ratio of 0.4 to determine the elastic moduli for all principal planes should be considered as a
reasonable assumption.These assumed ratios are the average values which are calculated from the
results of the tests by reasonable good testing device.

The discrepancies of the test results may be partly derived from some characteristics of the
selected rock types used as specimens. Rock saltelementsare chemical materials. Therefore, it may be

a cause of the high standard deviation of its mean elastic modulus value.Normally, the elastic modulus
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in the direction parallel to the bedding planes is greater than that normal to the bedding. The Poisson’s
ratio on the plane parallel to the bedding is lower than the ratio on the plane normal to it.Under similar
condition, the stress paths with o3is constant (stress path (I) and (III)) usually yield higher value of
elastic modulus for different rock specimens than the one with ois constant {stress path (II) and
(IV)},which results from the influence of o, and os.

The sizes of the applied loading areas partly affect the outcome of the test results. Smaller areas
may cause higher degree of intrinsic variability of rock specimens, providing more standard deviation
of the elastic modulus values. Therefore, the selection of the appropriate nominal sizes of specimens
may enhance more consistences of the experimental results.

The triaxial compression testing with c;is constant yields higher strength values than those of
triaxial extension test. This implies that if the conventional triaxial thatresults are applied in the
stability analysis and design of in-situ rock that are subject to triaxial extension condition, the result of
such analyzes may not be conservative. Testing under constant ois thereforedesirable and should
provide the results close to the in-situ condition, particularly for the underground structures (tunnels

and mine openings).
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