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ABSTRACT

The effects of stress paths on compressive strengths of sandstones have been studied through the biaxial compression tests.
The specimens are prepared from three different sandstones: Phu Phan (PP), Phra Wihan (PW) and Phu Kradung (PK)
formations. A true biaxial loading device is developed to test rock specimens under biaxial stress states. The specimens
have the nominal sizes of 5.5x5.5x5.5 cm®. Three different stress paths have been implemented under o = 0: path 1 o,
increases while o, is maintained constant; path II o, and o, equally increase; and path III o, increases while o, decreases.
For the first stress path, the intermediate principal stress ( 02) is varied from O to 70 MPa and for the other two, the mean
stress (| csm) ranges from 10-45 MPa. The results indicate that different stress paths show different strength results. The
intermediate principal stress ( Gz) notably decreases the rock strengths. The modified Wiebols and Cook strength criterion
can predict the biaxial compressive strengths well. The regression analysis results are 0.95, 0.93 and 0.96 for PP, PW
and PK sandstones. These findings are useful to extrapolate the conventional laboratory test results ( 0 ,>6,, 03=0) to some
actual in-situ condition where clgﬁo;&cg.
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1. Introduction

Engineering structures (e.g. underground excavation, dam foundation, rock slope, nuclear waste repository ) are usually
located in complex stress states, which are affected by several factors, such as different loading paths, lithology characters,
anisotropy, environment, etc. Since Jaeger pointed out “the possibility of rock failure dependent to the loading path is worth
of an argumentative problem” in 1967 [1], the effect of loading paths on mechanical behavior of rocks has been investigated
during the past decades to understand and explore the fracture mechanism under different loading paths [2].

Stress path or sequence and duration of directional loading are one of the factors affecting the mechanical behavior of
rocks. The stress path dependency is even more pronounced in soft rocks that exhibit plastic behavior when subjecting to
load [3-4]. The issue of stress path dependency is important in various disciplines, especially in geomechanic problems, e.g.
dams, footings, tunnels, underground mines, open channels, retaining walls and slope embankments. The stress conditions
in rock mass may subject to different stress paths through the processes of construction and operation. For most rock
mechanics analyses, stress path independence is often assumed. Rare experimental work has been performed to verify this
phenomenon. Only the theoretical implication has been shown, particularly when complex behavior of rock material has
to be dealt with. If the stress path dependency is significant, the laboratory test method should be redesigned to detect or
measure such factors, and hence to obtain test results that are more representative to the actual in-situ conditions. Analysis
and design of engineering structures in soft rock may need to recognize the effect of stress path because soft rocks exhibit
their plastic behavior when they are under loading.

The mechanical behavior of rock is commonly analyzed either by the principle of elasticity or inelasticity. In most
cases, the principle of elasticity is often used or assumed for the stress-strain analysis, because it is convenient for practical
applications. Under this assumption the effect of the different loading directions and sequences (stress path) is ignored
[3]. For some rocks, the assumption of inelastic behavior is more suitable than linearly elastic, especially for soft rock.
The mechanical behavior of soft rock is important for the analysis and design of geological engineering structures, such as
nuclear waste repository, storage caverns and underground salt mines. Chen and Zhang [3] and Shames and Cozzarelli [4]
suggest that the analysis of materials in the plastic range is dependent of stress path. The influence of stress path or loading
sequence and direction should therefore be considered to realistically analyze the engineering structures in soft formation.

This study involves performing biaxial compression test in order to investigate the effects of stress path on biaxial
strength and deformability of three Thai sandstones. Three different stress paths have been implemented: (1) o, increases
while o is maintained constant; (1) o and o_equally increase; and (1) o increases while o, decreases (Figure 1). Some
strength criteria are who studied to assess their predictive capability for rock failure under different stress path.

2. Rock Samples

The rock specimens used for the biaxial compression test is Phu Phan (PP), Phra Wihan (PW) and Phu Kradung
(PK) sandstones [5]. They are in the lower and the middle formation in the Khorat basin in northeastern Thailand. These
three types of sandstone have homogeneous quality with soft to medium strength. Their typical colors are yellowish, white
and greenish, respectively. The sandstone specimens are prepared to obtain cubical specimens with nominal dimensions of
55x55x55 mm®.
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Figure 1 Rock specimen and three different stress paths used in this study
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3. Biaxial Rock Testing Device

The biaxial rock testing device is developed in order to determine the biaxial compressive strengths of the rock
specimens with soft to medium strengths. This device comprises two steel cross load frames, four hydraulic load cells and
two hand pumps (Figures 2).

Each load frame has two thick steel plates (430x430x38 mm®), mounted together with four steel rods with 36
millimeters in diameter. They support the structures of the two load cells. The four load cells, installed at the bases
of the load frames, are connected to the two hand pumps which have the capacity of applying load up to 1000 kN.
Besides the three major components, other accessories include two 4 inch pressure gauges and three dial gauges. The two
pressure gauges are installed at the two hand pumps to monitor the applied pressure, while the three dial gauges measure
the deformation in three principal directions for further strain calculation.

The neoprene sheets are attached to the specimen surfaces in order to minimize the friction at the interfaces between
the loading platens and the rock surfaces. The loading is exerted in a biaxial manner, providing intermediate principal
stress (02), maximum principal stress (cl) and maintaining the minimum stress equals to zero (03=0). The steel platens
and the three dial gauges for displacement measurements are arranged and adjusted in order to obtain the precision
readings. The specimens are placed at the center of the crossed frameworks.

4. Biaxial Compression Test

The biaxial compression tests are performed for three different stress paths as described before, in order to determine
the compressive strength and deformation of the sandstone specimens under biaxial stress states. The measured deformation
of sandstone specimens are used to determine the strains along the principal axes during loading. For the first stress path,
the intermediate stress (02) is varied from O to 70 MPa. For the other two stress paths, the mean stress (Gm) ranges from
10 to 45 MPa. The calculations of the Poisson’s ratios and tangent elastic moduli are made at 50% of the failure stress.

Post-failure observations of failure modes suggest that compressive shear failures are predominant in the specimens
tested under low o, under the stress path (IIT). The splitting tensile fractures parallel to o, and o, directions dominate
under higher o_ under the stress path (I) and (IT) respectively. The failure modes under each stress path are of similar
fashion for the three types of sandstone specimens (Figure 3). The results indicate that the intermediate principal stress
(02) notably affects the strengths of rock specimens. Based on the test results, the stress path (1) yields higher strengths
than the stress path (IIT) for all types of rock specimens (Figure 4).

Figure 2 Two steel cross load frames (frame A and B), the main parts of the biaxial rock testing device
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Figure 3 Sandstone specimens with multiple extension fractures from induced stresses of o, and o,
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Figure 4 Failure stress (cl) as a function of intermediate principal stress (62) for the stress paths (I) and (IT)

Among the three stress paths applied on different sandstone specimens, stress path (II) generally provides the highest
strengths, based on the mean stress (c ) (Tables 1 and 2). However, PW sandstone yields slight variation of o from the
maximum under stress path (IT), as shown in Table 3. The tables also provide the octahedral shear strength (T ), mean
stress (cm), and the second order of the stress deviation (J *) at failure. These parameters can be calculated from the
principal stresses at failure. This discrepancy of the test results may be partly derived from the intrinsic characteristics of
sandstone. Sedimentary rocks have bedding planes and may show some transversely isotropic properties instead of isotropic
in some specimens. Normally, the elastic modulus in the direction parallel to the bedding planes is greater than that normal
to the bedding, thus providing directional higher strength. For the elastic parameters, the calculated elastic moduli from
the tests seem to agree with the strength results while the Poisson’s ratios of different rock specimens do not show any
significant variation under each stress path. The calculation of the elastic moduli is made for different rock specimens under
each stress path. The calculated results are of similar trend: the highest value under stress path (II), the lowest under stress
path (IIT) and the value in between under stress path (I) (Tables 1 through 3). For example, the mean elastic moduli of
PP sandstone specimens are 9.43 GPa, 9.82 GPa and 9.16 GPa under the stress path (1), (IT) and (IIT), as shown in Table
1. It is obvious that the intermediate principal stress (02) remarkably affects the strengths of rock specimens.
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5. Strength Criteria
5.1 Modified Wiebols and Cook Criterion

The modified Wiebols and Cook criterion proposed by Zhou [6] is used here to describe rock strengths as affected by
stress path. The criterion is originally developed by Wiebols and cook [7] based on the additional energy stored around
Griffith cracks due to the sliding of crack surfaces over each other. The modified version defined J2'% at failure in terms
of J1 as:

JZV’ =A+BJ + C]12 (D
The constant J, is in terms of G50, and G as defined by:
J = (1/3) x (61+GZ+63) (2)

The constant A, B and C depend on rock material and the minimum principal stresses (03) (Table 4). They can be
determined under the conditions where o, = 0, as follows [8]:

C=[27"2/(2C, + (g-1)o, - C] < [[(C, + (q - Do, — C)/(2C, + (2q+1) o - C)I - [(q-D/(q+2)]]  (3)

where C = (1 + 0.6pn) C,, C, = uniaxial compressive strength of the rock, u = tang, q = [(u® + D' + u]® = tan®
(n/4 + ¢/2), u = coefficient of internal friction of the material, ¢ = angle of internal friction. The friction angles for
different sandstone specimens on each condition, biaxial stress: ¢ = 50° for PP, ¢ = 46° for PK, ¢ = 58° for PW; stress
path: ¢ = 35° for PP, ¢ = 35° for PK, ¢ = 33° for PW, and

A= C0/3“2 - BC /3 - cc02/9 (1)
B =3"%(g-1)/(q+2) - C/3(2C + (q+2)C) (5)
Table 1 Compressive Strengths and Elastic Parameters of PP Sandstone Specimens
Failure Stresses Elastic Poisson’s
Specimen Stress s T 121/2 Modulus Ratio (v)
Number path S, S, (MPa) (MPa) (MPa) (GPa)
(MPa) (MPa)
PP-Bai-01 0.00 29.46 9.82 13.89 17.01 9.51 0.21
PP-Bai-02 10.00 72.00 27.33 31.85 39.00 9.32 0.22
PP-Bai-03 I 30.00 83.03 37.68 34.33 42.04 9.30 0.25
PP-Bai-04 50.00 77.67 42.56 32.14 39.37 9.61 0.18
Mean = SD 9.43%+0.15 | 0.21%+0.03
PP-Bai-05 I 66.96 66.96 44.64 31.57 38.66 9.82 0.19
PP-path-06 I 0.00 49.98 16.66 23.56 28.86 8.74 0.25
PP-path-07 5.50 55.563 20.34 24.98 30.60 9.73 0.21
PP-path-08 44.40 61.09 35.16 25.78 31.58 8.31 0.22
PP-path-09 16.66 64.64 27.10 27.40 33.56 9.82 0.23
PP-path-10 33.32 65.25 32.86 26.64 32.63 9.20 0.20
Mean £ SD 9.16+0.64 | 0.22%0.02
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Table 2 Compressive Strengths and Elastic Parameters of PK Sandstone Specimens

) Failure Stresses s Elastic Poison’s

Specimen Stress - - G Tt J, Modulus Ratio
Number path ™ IZ’a) o™ l;a) (MPa) (MPa) (MPa) (GPa) )
PK-Bai-01 0.00 48.00 16.00 22.63 27.71 7.82 0.21
PK-Bai-02 20.00 69.00 29.67 28.99 35.50 8.12 0.22
PK-Bai-03 I 30.00 78.00 36.00 32.12 39.34 7.98 0.20
PK-Bai-04 40.00 78.00 39.33 31.85 39.00 8.54 0.23
PK-Bai-05 50.00 76.00 42.00 31.54 38.63 8.11 0.22

Mean * SD 8.11+0.27 | 0.22+0.01
PK-Bai-06 II 68.00 68.00 45.33 32.06 39.26 8.23 0.21
PK-path-07 0.00 38.80 12.93 18.29 22.40 8.18 0.23
PK-path-08 2.27 47.20 16.49 21.74 26.62 8.32 0.24
PK-path-09 5.00 53.51 19.50 24.13 29.56 7.22 0.22
PK-path-10 I 13.88 63.86 25.91 27.42 33.59 7.44 0.21
PK-path-11 55.33 65.44 40.26 28.76 35.23 7.86 0.23
PK-path-12 22.21 66.64 29.62 27.71 33.93 8.23 0.22
PK-path-13 40.23 70.33 36.85 28.81 35.29 7.55 0.21

Mean + SD 7.83%£0.43 | 0.2210.01

Table 3 Compressive Strengths and Elastic Parameters of PW Sandstone Specimens

Failure Stresses Elastic Poisson’s
Specimen Stress - . o T le/z Modulus Ratio
Number path o™ lz;a) ™ Il’a) (MPa) (MPa) (MPa) (GPa) )
PW-Bai-01 1 0.00 39.00 13.00 18.38 22.52 8.30 0.23
PW-Bai-02 10.00 49.00 19.67 21.14 25.89 7.90 0.22
PW-Bai-03 21.00 55.00 25.33 22.66 27.75 8.43 0.20
PW-Bai-04 31.00 55.00 28.67 22.51 27.57 7.32 0.21
PW-Bai-05 40.00 48.97 29.66 21.29 26.07 9.43 0.25
Mean = SD 8.28+0.77 | 0.22%0.02
PW-Bai-06 11 42.00 42.00 28.00 19.80 24.25 8.77 0.19
PW-path-07 11 0.00 24.00 8.00 11.31 13.86 8.45 0.21
PW-path-08 5.50 36.00 13.83 15.83 19.39 8.67 0.23
PW-path-09 8.30 41.00 16.43 17.70 21.68 8.37 0.22
PW-path-10 13.00 46.50 19.83 19.59 23.99 7.98 0.23
PW-path-11 20.00 46.00 22.00 18.83 23.07 7.93 0.22
PW-path-12 30.00 45.00 25.00 18.71 22.91 8.11 0.24
Mean = SD 8.25+0.29 | 0.23%0.01
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Table 4 Calibrated Parameters by the Modified Wiebols & Cook Criterion

Calibrated Parameters
Rock Stress paths (I) and (1) Stress path (IIT) R?
Types A (MPa) B cMPa) | ¢(°) | A(MPa) B cMPa) | ¢(®
PPSS -1.62 2.44 -0.034 50 5.50 1.96 -0.034 35 0.95
PKSS 10.38 1.31 -0.015 46 3.92 1.78 -0.025 35 0.96
PWSS 6.74 1.64 -0.033 58 0.03 2.08 -0.046 33 0.93

By substitute Equation 2 in Equation 1, we obtain:

1,0 =11/6((6 -6 )" + (6,-0 )*+(c,- 6 ))I"* = (3/2)'"* 1 ©

And octahedral shear and mean stresses (TM and om) at failure for all specimens can be calculated using the following
relations [9]:

a
1]

173 [(0,= 0,)*+(0,~ 0 )"+ (5.~ o)1 (7)

1

(0'1+02+G3)/3 (8)

Qq
1]

The relationship between second order stress invariant as a function of octahedral shear stresses shown in Figure 5.
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Figure 5 Curve fitting by the modified Wiebols and Cook criterion for stress path (1), (II) and (IIT)
5.2 Mogi (1971) Empirical Criterion

The empirical Mogi criterion used here defines t " in terms of the effective mean stress (o 2) using a power equation
oct, m,
relation [10]:

=A'(c ) (9

oct m,2
S 5= (01+02)/2 (10)

where A’and B'are empirical constants (Table 5). The test results fitted by Mogi criterion are shown in Figure 6.
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6. Discussions and Conclusions

The modified Wiebols and Cook and the empirical Mogi can predict the biaxial compressive strengths well (Figures
5 and 6). The former criterion provides regression analysis r° = 0.95, 0.96 and 0.93 while the latter yields 0.92, 0.93
and 0.95 for PP, PK and PW.

Tables 1 through 3 suggest that the intermediate principal stress (02) affects the biaxial strength or the maximum
principal stress (01). The o, reaches its maximum at an increased value of o, and then becomes lower with higher o,
Figure 4 clearly suggests that the intermediate principal stress notably affect the rock strengths. Due to the influence of o,
on failure stress, this Figure also shows that the compressive strengths of the specimens of each rock type under constant

o, is higher than the ones with reduced o, Such effect is not linear.

It is postulated that the effects of the intermediate principal stress o, are caused by two mechanisms working
simultaneously but having opposite effects on the rock strengths: 1) the mechanism that strengthens the rock matrix in
the direction normal to o -0, plane, and 2) the mechanism that induces tensile strains in the directions of o, and o
The intermediate principal stress can strengthen the rock matrix on the plane normal to its direction, and hence a higher
differential stress is required to induce failure. This is the same effect obtained when applying a confining pressure to
a cylindrical specimen in the conventional triaxial compression testing. Considering this effect alone, the higher the
magnitude of o, applied, the higher o, is required to fail the specimen. However, the relationship between o, magnitudes
and the degree of strengthening is non-linear. This relation should depend on rock types, their textures and compositions
(e.g. grain sizes, distribution of grain sizes, cementation, pore spaces, fissures and micro-cracks, types of rock forming
minerals).

Table 5  Calibrated Parameters by the Mogi (1971) Empirical Criterion

Calibrated Parameters y
Rock Types R
Stress paths (I) and (II) Stress path (1IT)
PPSS "= 1.27MPa, B =0.89 "= 4.63 MPa, B =0.50 0.92
PKSS "= 0.44 MPa, B =1.27 "= 1.83 MPa, B =0.77 0.93
PWSS "= 3.49 MPa, B =0.56 A = 1.53 MPa, B =0.80 0.95
501 ) 507 wogi 507 Mogi
a5 "9 B 457 pwss
) Siress path (111) 401 Stress pain (111 ped
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Figure 6 Curve fitting by the empirical Mogi criterion for stress paths (1), (II) and (III)
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