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Abstract: Loading and unloading stress paths play critical roles in investigating the deformation
and failure of roadway excavation. In this study, tests under four different loading and unloading
stress paths were conducted on red sandstone samples, with the aid of a self-developed true triaxial
test system. Meanwhile, the deformation and failure characteristics of the samples were monitored
during the tests. The following research conclusions were obtained: The octahedral shear stress is
linearly correlated with the average effective stress, and the correlation coefficient R? is 0.9825. The
Mogi—-Coulomb strength criterion is superior to the Drucker—Prager strength criterion in reflecting
strength failure characteristics of red sandstone during loading and unloading. Shear failure tends to
occur under uniaxial compression, whereas shear—tensile composite failure occurs under loading
and unloading conditions. Compared with the true triaxial loading test, loading and unloading tests
produce a larger strain in the unloading direction. Under loading and unloading stress paths, with
the increase in intermediate principal stress (IPS), the strain in the direction of IPS gradually changes
from expansion to compression, and the peak strength gradually increases. The state of IPS affects
the failure strength of the sample and reflects the strengthening effect of IPS. This paper boasts a
certain value and significance for research on the deformation and failure characteristics of sandstone
in the actual in situ stress environment with triaxial dynamic changes.

Keywords: true triaxial tests; loading and unloading stress paths; failure criterion; red sandstone

1. Introduction

The underground rock mass is in the original rock stress state before mining. Due to the
existence of tectonic stress, the stress of rock mass in a stratum is generally in the true triaxial
state (07 > 0» # 03) [1,2]. The excavation of rock mass in hydropower, transportation,
mining [3-9], and other projects leads to dynamic changes in three independent axial
stress components in surrounding rock, which is reflected in various forms of loading and
unloading. The traditional conventional triaxial test does not accurately reflect the complex
stress path problem of triaxial dynamic changes. Therefore, research on the law of rock
mechanical properties under true triaxial loading and unloading stress paths can faithfully
reflect changes of the triaxial stress state of rock, thereby revealing the failure mechanism
of underground rock excavation.

Some researchers have begun to develop true triaxial test systems. Mogi [10] was the
first to successfully develop a true triaxial test machine that was applicable to rock. In recent
years, a large number of indoor true triaxial tests have been conducted [11-20]. For example,
Haimson and Chang [21,22] developed a new true triaxial test system and obtained that an
increase in the intermediate principal stress (IPS) could enhance the strength of rock. Based
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on numerous triaxial test data, Al-Ajmi and Zimmerman [23] found that the octahedral
strength criterion achieved an ideal fitting effect, and they called it the Mogi—-Coulomb
strength criterion. Oda et al. [24] studied the quantitative relationship between damage
propagation and permeability changes in granite in paddy fields. He et al. [25] conducted
an experimental study on the rockburst process of deep, high-stressed granite and analyzed
the frequency spectra of acoustic emission (AE) signals to obtain the frequency amplitude
relationship diagram of AE signals during rockburst. Cao et al. [26] explored the fracturing
behavior and seismic response of naturally fractured coal under true triaxial stress and
hydraulic fracturing. Luetal. [27], Lietal. [28,29], Shi et al. [30], Zhang et al. [31], and
Chen et al. [32] also conducted similar studies. Ma et al. [33] applied through a novel
loading path, which maintains a constant Lode angle throughout the test.

Thus far, researchers have paid much attention to the effect of IPS on rock deforma-
tion. Xu and Geng [34] investigated the effect of stress path on rock deformation. To
obtain working conditions that are more in line with actual projects, researchers have
carried out true triaxial loading and unloading tests. With the aid of the AE technology,
Xiang et al. [35] experimentally researched the two paths of roadway surrounding rock
excavation and support and concluded that the absolute energy parameter in AE could
quantitatively describe the brittle failure of hard rock. Du et al. [36,37] characterized the
crack initiation and expansion process through AE and infrared radiation. Later, the test on
IPS extended from rock materials to other materials such as sand [38] and coal [39], and the
test conditions covered a wide range from normal temperature to high temperature [40,41].
After reviewing some strength criteria, including IPS, You [42] proposed a new criterion.
Zhang [43] proposed a generalized 3D Hoek—Brown criterion to modify the generalized
Hoek-Brown strength criterion. Priest [44] and Wu et al. [45,46] also conducted similar
studies. In the study of true triaxial loading and unloading of rocks, Pettitt [47] investigated
the mechanics of microcrack damage induced under true-triaxial unloading. The results
show that the mechanics of the cracking fits neither a mode I tensile nor shear soume,
but a combination of the two. Huang et al. [48] investigated the characteristics of brittle
failure and stress drop under triaxial loading and unloading. Cheng [49] also conducted
similar studies.

Years of research have led scholars to shed light on the basic law of loading and
unloading failure. However, loading and unloading stress paths are generally applied
with a fixed confining pressure, during which IPS changes discontinuously. Obviously,
this loading method is inconsistent with the actual underground space stress conditions.
The strength variation characteristics and failure criteria of rock under complex stress
paths with continuous and dynamic IPS change still need to be further explored. In this
study, loading and unloading tests were conducted on red sandstone under four stress
paths. Based on the test results, the influence of continuous IPS changes on the deformation
characteristics of red sandstone was discussed, and the failure criteria of red sandstone
under four stress paths were explored. It is verified that the Mogi—Coulomb criterion
is suitable for true triaxial loading tests and also has a good linear relationship for rock
strength under true triaxial continuous loading and unloading conditions.

2. Experimental Plan
2.1. Test Materials and Instruments

The specimens used in the present study were red sandstone collected from Junan
County, Linyi City, Shandong Province, China. They belonged to the Wangshi and Qing-
shan groups of Mesozoic Cretaceous and were medium grained, with particle sizes of
0.1-0.35 mm and a compact block structure. Their macro-uniformity was consistent, and
the average density was approximately 2450 kg/m?>. In addition, their initial porosities
ranged from 6.2 % to 8.4 %, with the mean value being ca. 7.3 %. According to the results
of X-ray diffraction analysis, the main mineral components of the red sandstone were
feldspar (ca. 48.5 %), quartz (ca. 12.6 %), kaolinite (ca. 10.5 %), chlorite (ca. 9.2 %), and
others (ca. 19.2 %, consisted of illite, smectite, calcite, and siderite) [27]. It was processed
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to 50 mm x 50 mm x 100 mm samples, and the sample size was designed in this way,
with reference to previous literature [12,27,28,41,50,51]. The surfaces of the samples were
carefully ground and polished smooth and flat. A total of 12 samples were prepared and
equally divided into 4 groups for this test. The photo of a sample is shown in Figure 1.
Detailed information about the test samples is presented in Table 1, and the measurement
results of the basic mechanical parameters of red sandstone are given in Table 2.

100mm

Figure 1. Red sandstone sample.

Table 1. Detailed information about the test samples.

Test Group Sample No. Sample Dimensions (mm) Weight (g)
I-1 100.1 by 50.0 by 49.8 609
I I-2 100.2 by 49.8 by 50.1 610
I-3 100.1 by 50.1 by 49.9 612
II-1 100.4 by 50.0 by 49.8 614
II I1-2 99.9 by 50.0 by 49.9 615
II-3 100.1 by 50.3 by 50.1 612
-1 100.1 by 50.0 by 49.8 635
I 1II-2 100.0 by 50.0 by 50.2 602
1I-3 100.2 by 50.1 by 49.9 608
V-1 100.1 by 50.0 by 50.0 611
v Iv-2 100.2 by 49.9 by 49.8 613
V-3 100.3 by 50.0 by 49.9 609

Table 2. Mechanical parameters of red sandstone.

Parameters
Uniaxial compressive strength (MPa) 64.7
Cohesion (MPa) 13.5
Friction angle (°) 44

This test was conducted on a self-developed rock true triaxial electro-hydraulic servo
loading test system, which mainly comprised a triaxial servo control loading system, a true
triaxial pressure chamber, and an automatic acquisition system (Figure 2). The triaxial servo
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control loading system was composed of three independent loading racks, which were all
set in a rigid loading mode. Among the three, the positions of 07 and o3 loading racks were
fixed, both of which were placed on the horizontal guide rail. The true triaxial compression
chamber was placed in the immediate piston loading space through the guide rail. A
loading pressure block was arranged around the true triaxial compression chamber and
was connected with the piston rod and reaction screw in ¢ and o3 directions, respectively.
The automatic acquisition system was connected with a spoke-type pressure sensor and a
pull-rope-type displacement sensor through a signal line, respectively. Among them, the
pressure sensors were installed between the piston rod and the loading pressure block.
The rated loads in 01, 03 and o3 directions were 1600 kN, 500 kN, and 300 kN, respectively
(accuracy, 0.01 kN). The displacement sensors were fixed on the piston rod and reaction
screw (accuracy, 0.002 mm).
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Figure 2. True triaxial compression test system: (a) frame of the testing machine; (b) internal structure

of the true triaxial compression test system [28].

2.2. Testing Procedure

Deep rock mass excavation is a typical loading and unloading process. Taking roadway
excavation as an example, before a deep roadway is excavated, the rock mass is in a
triaxial stress balance state under the action of original rock stress. The excavation of the
roadway leads to the formation of a goaf-side surface inside the original rock mass, and
the surrounding rock produces an instantaneous rebound, thereby breaking the original
balance state. Among them, oy, 02 and o3 are the first-, second-, and third-principal stresses,
respectively. The first-principal stress corresponds to loading, while the third-principal
stress corresponds to unloading. The IPS varies due to different surrounding rock geologies
and in situ stress environments. In order to better simulate the actual situation on-site, this
paper adopted the method of increasing the axial pressure and unloading the confining
pressure. Loading adopted the mode of stress and displacement mixed control, and
unloading adopted the mode of stress control. A total of four tests under different true
triaxial loading and unloading stress paths, i.e., loading—constant—constant test (LCCT),
loading—constant-unloading test (LCUT), loading—unloading—unloading test (LUUT), and
loading-loading—unloading test (LLUT), were conducted with the initial triaxial principal
stresses 07, 02 and 03 in the true triaxial test set to 20 MPa, 20 MPa, and 10 MPa, respectively.
The specific schemes are described in what follows.
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2.2.1. Scheme I: (LCCT, True Triaxial Loading)

Scheme I is aimed at obtaining the true triaxial compression strength, deformation
parameters, and failure characteristics of red sandstone for providing a reference for true
triaxial loading and unloading tests. Its specific process and stress path are as follows:

A certain preload was applied to fully fix the sample, and then the confining pres-
sure was applied to the hydrostatic pressure state at a rate of 0.04 MPa/s. At this time,
01 =0y =03 = 10MPa.

1. With o3 kept unchanged, 01 and 0> were continuously increased at the same rate, to

20 MPa;

2. With 07 and 03 kept unchanged, 07 was increased at a rate of 0.004 mm /s, according
to the displacement loading method, until the sample failed.

2.2.2. Scheme II: (LCUT, Increasing Axial Stress and Unloading Minimum Principal Stress)

After the deep roadway was excavated, the surrounding rock, which was originally in
a triaxial stress state, moved toward the goaf-side surface, and the surrounding rock under-
went stress concentration as the tangential mutual compression intensified. Meanwhile,
IPS remained unchanged. Scheme Il is aimed at simulating the damage caused by such a
stress state.

1.  The initial stress loading procedure was the same as that in Scheme I—namely,
01 = 0p = 20MPa, 03 = 10MPa;

2. With oy kept unchanged, 07 was increased at a rate of 0.004 mm/s, in accordance
with the displacement loading method, and meanwhile, o3 was unloaded at a rate of
0.04 MPa/s, in accordance with the force loading method, until the sample failed.

2.2.3. Scheme III: (LUUT, Increasing Axial Stress and Unloading Confining Pressure)

After the deep roadway was excavated, the surrounding rock, which was originally
in a triaxial stress state, moved toward the goaf-side surface, and the surrounding rock
underwent stress concentration as the tangential mutual compression intensified. Mean-
while, IPS was unloaded. Scheme IIl is aimed at simulating the damage caused by such a
stress state.

1.  The initial stress loading procedure was the same as that in Scheme I—namely,
o] = 0p = 20MPa, 03 = 10MPa;

2. Then, 5y was increased at a rate of 0.004 mm/s, according to the displacement loading
method, and meanwhile, 0» and o3 were unloaded at a rate of 0.04 MPa/s, according
to the force loading method, until the sample failed.

2.2.4. Scheme IV: (LLUT, Increasing Axial Stress and IPS and Unloading Minimum
Principal Stress)

After the deep roadway was excavated, the surrounding rock, which was originally
in a triaxial stress state, moved toward the goaf-side surface, and the surrounding rock
underwent stress concentration as the tangential mutual compression intensified. Mean-
while, IPS was increased. Scheme IV is aimed at simulating the damage caused by such a
stress state.

1.  The initial stress loading procedure was the same as that in Scheme I—namely,
01 = 0p = 20MPa, 03 = 10MPa;

2. Then, 01 was increased at a rate of 0.04 mm/s, according to the displacement load-
ing method, and meanwhile, 0, was increased, and o3 was unloaded at a rate of
0.04 MPa/s, until the sample failed. The four loading and unloading stress paths are
illustrated in Figure 3.
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Figure 3. Schematic diagram of loading—unloading stress paths. (a) LCCT; (b) LCUT; (c) LUUT;
(d) LLUT.

3. Analysis of Strength Characteristics

At present, the criteria for rock strength analysis primarily include the Mohr—Coulomb
criterion, the Mogi—Coulomb criterion, and the Drucker—Prager criterion are generated.
Among them, the Mohr—Coulomb criterion is not suitable for the description of rock
strength under true triaxial stress conditions, because it does not indicate the influence of
IPS on rock strength. In this paper, the Mogi—Coulomb criterion and the Drucker-Prager
criterion were used to comparatively analyze the strength parameters of rock samples under
different true triaxial stress paths. The Mogi—-Coulomb criterion describes the monotonically
increasing functional relationship between the octahedral shear stress and the effective
average normal stress—namely,

Toct = f(‘Tm,Z) (1)

Toct = %\/(0’1 — 0'3)2 + (0’1 — 0'2)2 + (0’2 — (7'3)2 2)
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Al-Ajmi and Zimmerman sorted out a large number of triaxial loading test data and
concluded that the linear function form of f(¢y,2) had an ideal fitting effect in the true
triaxial compression test. Its expression is

Toct = 4+ bam,Z (©)]
o1 + 0
O = =5 (4)

where a and b are the material parameters related to rock mechanical properties; ot is
the octahedral shear stress; 0y, 7 is the average effective normal stress acting on the shear
plane. For the conventional triaxial situation, where 0, = 03; the Mogi—Coulomb criterion
relationship is reduced to the Mohr-Coulomb criterion relationship, and then

a= ¥CCOS¢ (5)

b= Z\Tﬁ sin ¢ (6)

The Drucker-Prager criterion is described as

V= aly +k @)

where I and |, are both experimental parameters, i.e., the first invariant of stress and the
second invariant of stress deviation.

L=0+0+0; 8)

J2= %[(01 —0)’ + (02— 03)* + (‘73_‘7“2} ©

In the triaxial stress state 7 > 0» = 03, the relationship between the parameters of the
Drucker-Prager criterion and the Mohr—Coulomb criterion is as follows:

B Zﬁsin(p
YT 9 3sing (10)
k:2\/§-c.cosqo (1)
3 —sing

In the 3D Mohr—Coulomb criterion proposed in the literature [52], a relationship is
established between the equivalent stress and the maximum principal stress, taking into
account the influence of IPS 0,. In contrast, in the new failure criterion proposed in this
study, a functional relationship is established between the octahedral shear stress 7+ and
the maximum principal stress ¢y as follows:

Toct = f(al) (12)
Toct = a1 + b1y (13)

where a7 and b; are the material parameters related to rock mechanical properties; Tyt
is the octahedral shear stress; o7 is the maximum principal stress. For the conventional
triaxial situation in which > = 03, the 3D Mohr—Coulomb criterion relationship is reduced
to the Mohr—Coulomb criterion relationship, and then

_ 2V2 ccos¢

—_ 14
3 1+sing (14)

ay
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2v/2 sing
b= (15)
3 1+sing

It can be seen from the fitting results in Figure 4 that the correlation coefficients of
the Mogi-Coulomb strength criterion and the new strength criterion are both greater than
that of the Drucker-Prager strength criterion. This shows that the Mogi-Coulomb strength
criterion and the new strength criterion are superior in describing the failure strength
characteristics of red sandstone under different true triaxial loading and unloading stress
paths. The Mogi-Coulomb strength criterion and the new criterion have higher degrees
of fit, because the maximum principal stress is relatively high, which has an absolute
advantage over the minimum principal stress. According to the three strength criteria, the
fitting parameters are connected with the internal cohesion and internal friction angle of

red sandstone. The calculated strength fitting parameters are listed in Table 3.
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Figure 4. Strength fitting curves of red sandstone failure under different stress paths. (a) Mogi—
Coulomb; (b) Drucker-Prager; (c) New strength criterion.

Through the above fitting data, it is found that the failure strengths of red sandstone
under different loading and unloading stress paths conform to the octahedral strength
criterion, which is consistent with the analysis results obtained by Al-Ajmi and Zimmerman.
Moreover, the results also suggest that the current self-developed true triaxial test system
can yield accurate data when used to perform true triaxial tests under different stress paths.
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Table 3. Comparative analysis on strength criterion parameters.

Strength Criterion  Slope  Intercept/MPa Cohesion/MPa  Frictional Angle R?

Drucker-Prager 0.2290 24.1338 14.09 33.99 0.5924
Mogi—Coulomb 0.7506 5.1130 8.96 52.76 0.9825
New criterion 0.375 5.204 12.20 41.33 0.9913

The stress values obtained in three experimental schemes (i.e., LCUT/LUUT/LLUT)
are plotted in Figure 5 to reflect the influence of the IPS parameter on the different unloading
stress paths. Three experiments were performed in each scheme. It can be seen from the
data in Figure 5 that as IPS increases, the peak strength rises gradually. When IPS is
in the unloading state, the peak strength is 65-80 MPa, which is the minimum. When
the rock sample is broken, IPS starts to exceed 0 MPa. When IPS is constant at 20 MPa,
the peak strength is 85-100 MPa. As IPS further increases, the peak strength rapidly
increases to 110-135 MPa. The relationship between IPS and peak strength in the three-way
compression test can be concluded as follows [27]: the peak strength increases first and
then decreases with the increase in IPS. The influence of the IPS parameter during dynamic
continuous changes studied in this paper is the variation law under a complex stress path
rather than under a single path.

¥ Experimental data v
130 ——_Curve fitting
120
& 110
=
100
0 0, =0.55670, +73.8553
80 v R? =0.8559
704 v
v
60 T T T T T T T T T T T
0 20 40 60 80 100
o,(MPa)

Figure 5. Fitting curve of strengthening effect of the IPS parameter in different experimental schemes.

4. Test Results and Discussion
4.1. Analysis of Deformation Characteristics

The full stress—strain curves of red sandstone samples under the four true triaxial
loading and unloading stress paths are illustrated in Figure 6. Figure 6a shows the rock
deformation characteristic curve under LCCT. The axial stress—strain curve presents five
distinct stages—namely, the pore-and-crack compaction stage (OA), the stable-crack expan-
sion stage (AB), the unstable-crack development stage (BC), the post-peak strain-softening
stage (CD), and the residual strength stage (DE) [53]. The value of volumetric strain is
always positive, indicating that the axial strain is much greater than the lateral strain, and
the sample is compressed on the whole.

Compared with the results under LCCT in Figure 6a, the peak strength of the sample
decreases considerably from 147.8 MPa to 83.3 MPa, by 43.64%, under LCUT (Figure 6b).
In addition, strain |e3|, corresponding to the peak strength, increases notably from 0.592%
to 7%, by about 10.9 times. It can be seen that the rock sample under LCUT deforms more
seriously in the &3 direction when it loses stability and fails, resulting in a significant drop
in its bearing capacity.

A comparison between Figure 6b,c discloses that the peak strength of the sample
under LUUT is about 7% lower than that under LCUT. Their absolute values of strain
in the &3 direction are similar, both being relatively large. Their main difference lies in
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Axial stress, o1(MPa)

Axial stress, o1(MPa)

160

the e, direction, where the absolute value of strain surges from 0.23% under LCUT to
1.16% under LUUT, by about 400%. The difference is caused by the stress conditions in
the two schemes. Specifically, the two schemes both adopt constant loading and unloading
in the o, direction, and unloading promotes the deformation and energy release of the
samples. In addition, under LUUT, unloading in the ¢, and o3 directions leads to an
increase in strain in these two directions.
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Figure 6. Complete stress—strain curves of red sandstone under true triaxial loading-unloading stress
paths. (a) LCCT; (b) LCUT; (c) LUUT; (d) LLUT.

According to Figure 6b—d, the €, value of the sample under LLUT is always positive,
indicating that the sample is compressed in this direction. The volumetric strain of the
sample under LLUT is the smallest, and those under LCUT and LUUT are both of relatively
large and similar values. However, the peak strength of the sample under LLUT is 53%
and 62.5% higher than those under LCUT and LUUT, respectively. This demonstrates that
the increase in IPS limits the expansion and deformation in the direction, which is not
conducive to the expansion and development of internal cracks. Resultantly, the bearing
capacity of the sample is improved.

4.2. Analysis of Failure Characteristics

Throughout loading and unloading, the sample experiences the process of crack
compaction, micro-crack expansion and connection, and macro-crack formation, in turn.
Figure 6 exhibits the failure modes under different stress paths. Under LCCT, multiple
shear cracks are generated inside the sample; the failure mode belongs to a typical shear
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failure caused by axial compression, and V-shaped and X-shaped cracks are formed on the
o1 — o3 surfaces of the sample. Under LCUT and LUUT, as the lateral confining pressure is
unloaded, multiple vertical cracks and inverted V-shaped cracks occur along the unloading
surface on the front and back surfaces, and shear cracks expand and connect to form a
shear failure surface. The failure mode of the sample gradually becomes a tensile—shear
composite failure, and the volume of the sample expands notably. Moreover, large pieces
of rock peel off as a result of tension on the 07 — 0y surfaces. With the unloading in the
two directions under LUUT, the cracks develop vigorously; penetrating macro-cracks are
produced, and the sample is more severely damaged and makes a sound when cracking.
Compared with LCCT, with the unloading of principal stresses 0, and o073, the bearing
capacities of the samples in this direction are reduced under LCUT and LUUT. The samples
expand in this direction, and the cracks perpendicular to the o, direction on 07 — 03 surfaces
are fully developed.

Nevertheless, the initial principal stress 0> > 03 under LUUT, and the unloading rate
is the same when the confining pressure is unloaded simultaneously. Thus, the confining
pressure of the sample still maintains the relationship o> > 3. In this way, crack expansion
is suppressed on ;7 — 07 surfaces, and vertical cracks induced by tensile stress appear on
o1 — o3 surfaces. The failure mode of the sample under LUUT resembles that under the
unidirectional unloading test LCUT. The difference between the LLUT test and LCUT and
LUUT tests is the state of IPS (loading, constant loading, or unloading). Similar to the
previous two tests, the overall failure mode belongs to a tensile—shear composite failure
under LUUT. However, under the condition of o, stress loading, the stability and bearing
capacity of the sample are promoted so that the sample is not easily damaged.

In the true triaxial compression experiment, the fracture angle increases with the
increase in IPS [14,27]. In this paper, the fracture angle of red sandstone specimens under
uniaxial compression is 69°-71°, which is lower than that (80°) of Coconino and Bentheim
sandstone [14]. In the LCCT test, 03 = 10 MPa, 05 = 20 MPa, and the red sandstone fracture
angle is 75°, which is consistent with the conclusions in other studies. However, the fracture
angles are 72° (LCUT), 70° (LUUT), and 70° (LLUT) in the loading and unloading tests
under different paths, and the influence of the increase in IPS on the fracture angle is not
obvious, generally at 70°. This means that under the same confining pressure, the fracture
angles in the loading and unloading tests are smaller than those in the loading test. A
comparison between (c) LCUT and (d) LUUT reveals that when IPS is lowered, the fracture
angle becomes smaller.

As marked by the white dashed lines in Figure 7c—e, the cracks are approximately
vertical, which means that tensile cracks will appear in the unloading test, and the failure
mode is a tensile—shear composite failure, which is different from the compression-shear
single failure in the compression test.

Figure 7. Failure modes of sandstone samples under true triaxial loading—unloading stress paths:
(a) UG; (b) LCCT; () LCUT; (d) LUUT; (e) LLUT.
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5. Conclusions

(1) The true triaxial loading and unloading stress path has a significant effect on the evo-
lution of deformation and strength characteristics of red sandstone. The deformation
and failure characteristics of rock samples under the stress paths LCUT and LUUT
are similar.

(2)  Under different true triaxial loading and unloading stress paths, the volumetric strains
of red sandstone are quite different. The volumetric strain values of the samples under
LCCT and LLUT are always positive, indicating that the samples are compressed as a
whole. Those under LCUT and LUUT are first positive and then negative, suggesting
that the sample volume is compressed at first and expands later.

(8) Compared with the LCCT test, the peak strengths of red sandstone under the other
three stress paths are reduced. Among the three loading and unloading stress paths,
with the increase in IPS, the strain in the direction of IPS gradually changes from
expansion to compression, and the peak strength gradually increases. The state of IPS
determines the failure strength of the sample and reflects the strengthening effect of
IPS. Moreover, under the three stress paths, the failure modes are all tensile—shear
composite failures.

(4) Under the conditions of different true triaxial stress paths, the Mogi-Coulomb strength
criterion is superior to the Drucker-Prager strength criterion in describing the failure
strength characteristics of red sandstone.
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