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The study on the failure difference of deep hard rock based on the comparison between
conventional and true triaxial tests can help us better understand the fracture processes
and failure characteristics of the deep rock mass. Therefore, this article carries out a
comparative analysis of the failure of hard rock under conventional and true triaxial stress
states. Within the scope of this study, it is found that the brittle—-ductile transformation
properties can be intuitively reflected in the rock stress—strain curve and failure mode. The
brittle—ductile transition point of rock can also be determined by the difference between
peak and residual strengths. The rock failure strength increases with the increase of o5, the
peak strain decreases with the increase of o, the stress drop of the post-peak curve
becomes more obvious with the increase of g5, and the rock tends toward Class |l brittle
failure after the peak with the increase of g». When o5 is relatively high, the rock fracture
angle increases with the increase of o, with obvious regularity. Compared with
conventional triaxial stress conditions, the differential stress-induced anisotropy failure
is the biggest difference in rock fracture characteristics between true and conventional
triaxial stress states. This study can supply useful references to the study of failure
properties of hard rock under complex stress states.

Keywords: failure, deep hard rock, conventional triaxial, true triaxial, mechanical properties

INTRODUCTION

The continuous demand for resources makes human activities continue to expand to “deep space,
deep sea, deep earth.” Among them, due to the complexity of the earth’s internal system and the
uniqueness of the geological medium, the research of “deep earth” is in a “black box™ state. The
difficulty of scientific research on “deep earth” is no less than that of “deep space and deep sea.” The
excavation depth of underground works in international and domestic industries such as
transportation, water conservation, hydropower, mineral resource development, oil and gas
reservoir development, geological storage, and military protection engineering is still increasing
(Martin and Chandler 1994; Malan 2002; Hajiabdolmajid and Kaiser 2003; Diederichs 2007; Zhao
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FIGURE 1 | Rockburst disasters occurred at Paoma mountain No. 1 tunnel.

et al., 2014; Zhuang et al., 2017; Bai et al.,, 2019; Feng et al., 2022).
For example, the deepest oil well in the world is drilled by the
Orlan platform of Chaivo oilfield, and its depth has reached
15,000 m. At present, there are more than 120 metal mines with a
mining depth of more than 1,000 m in the world, and the mining
depth of the Mponeng gold mine in South Africa is as deep as
4,350 m (Zhang 2020). Besides, there are many underground
projects with a depth of more than kilometers in China. For I o 40MPa
example, the diversion tunnel in Jinping II hydropower station 200
has a maximum buried depth of 2,525m. The Jinping
underground laboratory in China built on this diversion 100 20 MPa
tunnel is also the laboratory with the largest rock coverage | «— 10 MPa
depth in the world with a buried depth of 2,400 m (Feng

et al., 2018; Zhang 2020).

Different from shallow-rock mechanical engineering, in the
deep tunnel construction process, it is inevitable to face the € (%o) € (%o)
challenges of high ground stress, complex geological
conditions, strong excavation unloading, and mechanical and FIGURE 2 | Stress-strain curves of the tested samples under
blasting disturbance (Wang et al., 2004; Qiu et al., 2012; Feng conventional triaxial compression state (revised form Gao 2020).
et al., 2015; Gao et al,, 2018; Feng et al., 2019; Do et al.,, 2020).
Generally, the surrounding rock of the cavern is mostly high-
strength hard rock. For example, the maximum ground stress of
Jinping I Hydropower Station is 40 MPa, and the surrounding
rock is mainly marble. The uniaxial compressive strength is
50-80 MPa (Gong et al, 2010). The Paoma mountain No. 1 1
tunnel is located in the northeast of Kangding City. The 400 -
maximum buried depth of the Paoma mountain No. 1 tunnel
is 1,250 m, more than 85% of the whole tunnel section is hard
granite, and the saturated uniaxial compressive strength is
48.82-49.74 MPa.

Generally, there is a high possibility of stress-induced failure in
deep buried hard rock tunnels, such as cracking, wall splitting,
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resulting in huge economic losses. As shown in Figure 1, 0 . ; : n = "uumg —
rockburst disasters occurred at different locations during the 0 20 40 60 30
construction of the Paoma mountain No. 1 tunnel. 5. (MPa)

The site selection of deep underground engineering, such as 3

deeply buried tunnels and underground powerhouses of
hydropower stations, tends to be the hard rock area with
relatively complete lithology, so as to ensure the stability of

FIGURE 3 | Peak strength of the tested samples under conventional
triaxial compression state.
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FIGURE 4 | Strain characteristics of the tested samples under
conventional triaxial compression state.

deep engineering. Many scholars have carried out a great number
of in-depth studies on the mechanical characteristics of deep
buried hard rock and its influence from many angles such as
theory, experiment, and numerical calculation. In this study, the
mechanical properties and failure differences of hard rock based
on a comparison between conventional and true triaxial tests are
analyzed. The research of this article is helpful to deeply
understand the fracture and failure characteristics of deep
hard rock mass and can provide a useful reference for disaster
prevention and reduction of deep rock mass engineering.

FAILURE ANALYSIS OF MARBLE SAMPLE
BASED ON CONVENTIONAL TRIAXIAL
TEST

Figure 2 and Figure 3 are the stress-strain curve and
failure-strength diagrams of a group of Jinping marble
samples in a conventional triaxial compression test (Gao
2020). Figure 4 shows the corresponding peak axial and radial
strains (g; and &;) diagram in Figure 2 and Figure 3.

Study on Rock Failure Difference

It can be found from the Figures 2-4 that when confining
pressure is 0 MPa, 2 MPa, 5MPa, 10 MPa, 20 MPa, 30 MPa,
40 MPa, 60 MPa, and 80 MPa, respectively, the corresponding
peak strength is 190 MPa, 219 MPa, 233 MPa, 261 MPa,
301 MPa, 332MPa, 356 MPa, 411 MPa, and 438 MPa,
respectively, the corresponding peak ¢ is 0.0067, 0.0073,
0.0069, 0.0111, 0.0141, 0.0147, 0.0229, and 0.0359, respectively,
and the corresponding peak &5 is —0.0042, —0.0045, —0.0046,
-0.0061, —0.0078, —0.0108, —0.0099, —0.0182, and -0.0168,
respectively. It could be concluded that peak strength increases
with the increasing confining pressure, the &; and ¢; also increase
with the increasing confining pressure, but the difference is that
the ¢; is the compression deformation and ¢; is the expansion
deformation. The variations of peak strength, axial strain ¢;, and
radial strain &; with confining pressure are shown in formula as
below:

(01 = 03)peaie = —0.027707 + 5.1105 + 204.45(R* = 0.99) (1)
& =3.30 x 10°°05 + 8.40 x 1005 + 0.0072(R* = 0.99)  (2)
& =8.46 x 10703 — 2.45 x 10705 — 0.0037 (R* = 0.91)  (3)

As shown in Figure 2 and Figure 5, the brittle-ductile
transformation properties of rock could be reflected in the
sample stress—strain curve and failure mode (Lajtai 1974;
Tarasov and Potvin 2013; Ai et al, 2016; Tarasov and
Stacey 2017; Kanaya and Hirth 2018; Ning et al., 2018;
Zhao et al., 2018; Gao 2020). When confining pressure is
small (confining pressure is less than 10 MPa), there is no
platform section at the peak section of stress—strain curve for
the marble sample, and the stress-drop phenomenon after the
peak is obvious. The rock failure surface shows splitting failure
characteristics, and the failure surface is basically parallel to
the maximum principal stress direction (axial direction),
indicating that the rock brittleness under this stress
condition is obvious.

With increasing confining pressure, the rock ductile
deformation increases, that is, the rock peak platform
section on the stress-strain curve is gradually significant,
the stress drop after the peak decreases, and the failure of
the sample gradually transitions from complete splitting to
single shear plane, indicating that the brittleness of the rock
decreases and the ductility increases. After the confining
pressure reaches 60 MPa, the ductile deformation
characteristics of the sample are particularly obvious, the
post-peak stress-drop phenomenon of the sample basically
disappears, and the failure of the sample is obviously bulking
in the middle; when the confining pressure reaches 80 MPa,
there is no macro fracture surface, and only weak bulking
exists in the middle of the sample. Therefore, it can be
considered that the confining pressure of 60 MPa is the
brittle-ductile transformation point of marble samples.

In addition, the brittle-ductile transition point of rock can also
be determined by the difference between peak and residual
strength. With increasing confining pressure, the difference
between peak and residual strength gradually decreases. Even
in an ideal ductile state, the difference is 0, that is, the rock peak
strength is equal to residual strength.
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FIGURE 5 | Failure modes of the tested samples under conventional triaxial compression state (revised form Gao 2020).

FIGURE 6 | Schematic diagram of granite samples used in the true triaxial experiment. (A) Sample physical drawing, (B) sample SEM image, (C) plane polarized
light micrograph of sample, and (D) crossed polars micrograph of sample (quartz = Qtz, K-feldspar = Kfs, plagioclase = PI, biotite = Bt).
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FIGURE 7 | Stress—strain curves of granite samples adopted in the true triaxial experiment (revised form Zhang 2020).
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FAILURE ANALYSIS OF GRANITE SAMPLE
BASED ON TRUE TRIAXIAL TEST

Figure 6 shows the granite sample used in the true triaxial test
(Zhang 2020). The rock thin-section micrograph obtained shows
the microstructure and mineral composition of the granite. It can
be seen from Figure 6 that the granite is a medium-grain coarse-
grain structure with strong isotropy in structure and mineral
composition. The density of the granite is 2.61 g/cm’, and the
tested granite has the characteristics of high density, dense
lithology, and high rock strength. The tested granite is mainly
composed of about 40% plagioclase, 33% quartz, 17% potassium
feldspar, and 10% other materials.

To simulate the stress path of rock mass failure in deep
underground engineering, the typical stress path (Zhang et al,
2019) finally adopted in this study is shown as follows: (a)
Hydrostatic loading stage: loading simultaneously in three
principal stress directions (0; = 0, = 03) at a loading rate of
0.5 MPa/s to the minimum principal stress level. (b) Intermediate
principal stress loading stage: keeping 03 unchanged and loading
0, and 0, simultaneously (07 = 0,) at aloading rate of 0.5 MPa/s to
set the o, level. (c) Maximum principal stress loading stage:
keeping 0, and 03 unchanged and loading o, at loading rate of
0.5 MPa/s. When o, reached the crack damage stress of the
sample, the control mode was changed from stress control to
strain control ¢; with the rate of 0.015 mm/min.

Figure 7 and Figure 8 show the variation of stress—strain
relationship and strength characteristic of granite with different
0, under true triaxial compression stress state (Zhang 2020). It
can be found from Figure 7 and Figure 8 that within the scope of

600
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6,=30MPa G6=50 MPa G=75MPa =100 MPa
500
~~
[
(oW
2
—h y = Intercept + B1°xM + 82°x"2
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Adj. R-Square 0.9796
Value Standard Error
Intercept 37741514 174939
B 81 212063 060415
82 -0.00775 0.00458
300 T T v T T T T
20 40 60 80 100
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FIGURE 8 | Peak strength of granite samples adopted in the true triaxial
experiment.

this study, when 03 is 30 MP and o, is 30 MPa, 50 MPa, 75 MPa,
and 100 MPa, respectively, the peak failure strength oypeax of
granite shows an increasing rule with increasing of o,. Meanwhile,
for the stress—strain curve shape, the rock tends toward Class II
failure with the increase of 0, and the post-peak stress drop of the
curve is more obvious, indicating that the increase of 0, makes the
rock failure more prone to brittle failure. In addition, with the
increase of 0,, the degree of differentiation of the o;-¢, curve and
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FIGURE 9 | True triaxial compression strength for tested granite in terms
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the 0y-¢; curve of rock is increasing, which indicates that under
true triaxial stress conditions, the differential stress makes the
deformation of rock appear anisotropic, and the greater the
differential stress between o0, and o3, the more obvious the
deformation anisotropy of ¢, and e;.

Nadaia used octahedral shear stress 7, and octahedral normal
stress 0, to describe rock materials’ three-dimensional failure
strength criterion, namely, 7, = f (0o) (Nadaia 1950).
Subsequently, based on a large number of tests and the
analysis of the true triaxial compression failure mode of hard
rock, Mogi revised the three-dimensional failure strength
criterion proposed by Nadaia and replaced o, with op,,
(Mogi 1971). The obtained three-dimensional failure strength
criterion is shown as follows:

172

Toat = 1/3[ (01 = 02)" + (02 — 03)* + (05 — )] (4)
Ooct = (01 + 02 +03)/3 (5)
Om2 = (0 + 03)/2 (6)

The peak strength characteristics of granite under true triaxial
stress conditions obtained in this article are shown in Figure 8.

Study on Rock Failure Difference

Using the aforementioned two three-dimensional failure strength
criteria, the strength data obtained in Figure 8 are fitted by power
law form. The relationship between 7, and o, in Nadaia’s
domain (Figure 9A) and between 7,y and 0,,, in the Mogi
domain (Figure 9B) are obtained. The following formulas are
obtained:

A 10
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FIGURE 10 | Strain characteristics of granite samples adopted in the
true triaxial experiment. (A) &4 versus o», (B) &, versus g, and (C) &3 versus oo.
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FIGURE 11 | Fracture angle and failure mode of granite samples adopted in the true triaxial experiment (revised form Zhang 2020).

c,=75 MPa 6,= 100 MPa

Toet = 3.86 (0m2)""* (R? = 0.99) )
Toat = 22.02 (00)"* (R? = 0.96) (8)

It can be found from Figure 9 that 7, monotonically
increases with increasing goe Or 0,5, and the fitting goodness
of the modified strength criterion proposed by Mogi is R* = 0.99,
which is better than that proposed by Nadai (R* = 0.96).

Figure 10 shows the variation of principal strain ¢}, €5, and ¢&;
of granite samples with intermediate principal stress g,. Within
the research scope of this article, it can be seen from Figure 10
that when o3 is 30 MP and o, is 30 MPa, 50 MPa, 75 MPa, and
100 MPa, respectively, the principal strain ¢, increases with
increasing o0,, and its variation law is good (Figure 10B),
while the variation law of principal strain & and e with
intermediate principal stress o, is not obvious (Figures 10A,C).

Figure 11 shows the variation of failure mode and fracture
angle of granite under true triaxial compression with o, (Zhang
2020). In practical tests, the macroscopic main crack morphology
perpendicular to the 0, sample surface is not a straight line, but an
irregular broken line, which makes it difficult to determine the
fracture angle (6). In this article, the fracture angle (6) is
determined by the angle between the overall direction of a
macroscopic main crack and the o3 loading direction. It can
be seen from Figure 11 that within the scope of this study, when
03 = 30 MPa and when o3 is 30 MPa, 50 MPa, 75 MPa, and
100 MPa, the fracture angles of granite are 72°, 74°, 75°, and
80°, respectively. It can be found that the fracture angle of granite
increases with the increase of 0, and the regularity is obvious.

DISCUSSION

Figure 12 shows the comparison of the failure of the sandstone
samples under conventional triaxial (0, = 03) and true triaxial (o,
> 03) stress conditions. The first pictures in Figure 12A and
Figure 12B are the actual failure situations of the samples, the
second pictures are the computed tomography (CT) scan results

corresponding to the first picture, and the third pictures are CT
scan of the I-I cross-section of the samples corresponding to the
second picture (Lu et al., 2018).

It can be clearly concluded from Figure 12A that the sample
failure under the condition of conventional triaxial stress (0, = 03)
is random, and its crack presents irregular propagation and
evolution. This is due to the fact that the o, is equal to o3 so
the cracks of the sample randomly propagate and evolve on the
0,-03 plane. The failure of the sample under true triaxial stress (o,
> 03) is different, and it can be clearly found from Figure 12B that
the sample main crack growth is obviously parallel to the o,
action direction and perpendicular to the o3 action direction. It
can be concluded that under the condition of true triaxial stress
(0, > 03), the cracks of the sample cannot propagate randomly,
but they have a certain directional arrangement and distribution
characteristics.

Obviously, compared with the uniaxial and conventional
triaxial stress conditions (0, = 03) (Ingraham et al., 2013; Frash
et al.,, 2014; Li et al., 2015; Ma and Haimson 2016; Meng et al.,
2016; Shi et al., 2017; Yu et al., 2022), this is due to the
particular point that o, is greater than o; under true triaxial
stress conditions (02 > 03), and the anisotropic fracture
characteristics of sample under true triaxial stress
conditions (0, > o03) are different from the failure
anisotropy of the layered rock mass due to the layered
structure, which is caused by the difference of stress, also
called the differential stress-induced anisotropy under true
triaxial stress (o, > 03) condition. This differential stress-
induced anisotropy failure characteristic is the biggest
difference between the fracture characteristics of samples
under true triaxial stress conditions (0, > 03) and those
under conventional triaxial stress conditions (o, = 03), this
also makes a series of hard rock failure and disaster problems
under deep true triaxial stress (o, > 03) very complex.

For the differential stress-induced anisotropy failure of the
rock, Feng et al. (2019) have made a systematic quantitative study
on it. They used the following Eqn. 9 as an index to quantitatively
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study the differential stress-induced anisotropy failure of the
rock:
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A= )
where K, and K| ; are the deformation moduli of the stress—strain
curve corresponding to o, and 03.

It can be found from the definition of Eqn. 9 that when the
differential stress of 0, and o3 is larger, the value of A in Eqn. 9 is
larger, indicating that the anisotropic failure of rock induced by
differential stress is more obvious. Figure 12C shows the
variation of differential stress-induced anisotropy failure
index of sandstone and granite with intermediate principal
stress 0,. It can also be found that when the intermediate
principal stress o, is larger, the anisotropy index A is larger,
which indicates that the anisotropic failure of rock is more
obvious.

It should be noted that this differential stress-induced
anisotropy failure of the rock is essentially different from the
initial anisotropic failure of layered rock. Layered rock is a typical
complex geological body, which widely exists in the engineering
surrounding rock. The layered rock is distributed with a group of
dominant primary bedding structural planes (bedding planes),
and usually has a relatively determined occurrence and good
spatial continuity, which makes the mechanical properties of
layered hard rocks differ greatly in the direction parallel to and
perpendicular to the bedding plane, showing significant initial
anisotropy and heterogeneity.

Under deep complex geological conditions, engineering
excavation and other activities lead to stress transfer and stress
concentration of surrounding rock, which not only enhances the
intermediate principal stress effect in surrounding rocks but also
makes the phenomenon of true triaxial high stress and high-stress
difference of deep hard rock remarkable. The typical stress
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characteristics in the deep rock make the energy storage and
release threshold of rock mass increase, and the energy release
intensity increases, leading to the deep rock mass becoming a
high-energy environmental field. Under the condition of true
triaxial stress, the process and mechanism of energy storage,
distribution, driving, and release in the failure process of layered
rock will be more complex. Deep-layered hard rock shows the
characteristics of complex stress, prone to a variety of disaster
phenomena and complex disaster causing mechanisms. The
failure and instability of deep-layered hard rock are
significantly greater than those of shallow rock engineering in
terms of type, quantity, frequency, scale, and strength.

When the layered rock mass is in the deep true triaxial
stress state, its failure problem becomes very complex. Under
the coupling action of true triaxial stress and layered rock dip
angle, the layered hard rock has obvious mixed anisotropy.
This complex mixed action between differential stress-
induced anisotropy failure and initial anisotropy failure of
the rock makes the mechanical properties, fracture
mechanism, and energy evolution process of deep layered
hard rock very complex. Therefore, the research on the true
triaxial mechanical properties of deep layered hard rock is a
very important research topic that needs to be further
explored.

CONCLUSION

In this article, the conventional triaxial test and true triaxial test of
hard rock are carried out respectively to explore the influence and
mechanism of stress state on the failure characteristics of hard
rock. The following conclusions within the research scope have
been obtained:

1) Brittle-ductile transformation properties of rock can be
reflected from the stress—strain curve and failure mode.
With increasing confining pressure, the ductile deformation
of the sample increases, the peak platform section of the
sample stress-strain curve is gradually significant, the post-
peak stress drop decreases, and the failure of the sample
gradually transitions from complete splitting to a single
shear plane.

2) The brittle-ductile transition point of rock can also be
determined by the difference between peak and residual
strength. With increasing confining pressure, the difference
between peak, and residual strength gradually decreases.
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