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It is important to confirm the long-term strength of rock materials for the purpose of evaluating the long-term stability of rock
engineering. In this study, a series of triaxial creep tests were conducted on granite gneiss under different pore pressures. Based
on the test data, we proposed two new quantitative methods, tangent method and intersection method, to confirm the long-term
strength of rock. Meanwhile, the isochronous stress-strain curve method was adopted to make sure of the accuracy and operability
of the two new methods. It is concluded that the new methods are suitable for the study of the long-term strength of rock. The effect

of pore pressure on the long-term strength of rock in triaxial creep tests is also discussed.

1. Introduction

Long-term strength is a key and typical mechanical parame-
ter in rock creep behavior. The creep mechanical behavior of
rock is very important to evaluate the stability and safety of
rock engineering, such as high slope rock engineering, under-
ground cavern rock engineering, dam base rock engineering,
and underground oil storage project [1-5]. Meanwhile, the
understanding of long-term strength is of great importance
for further development of knowledge in the field of rock
mechanics [6, 7].

Granite gneiss, a kind of metamorphic rock derived from
igneous rocks, is commonly and widely distributed in engi-
neering. Due to its low permeability and relatively high
mechanical strength, granite gneiss is envisaged as one of
the potential materials for underground oil storage, CO, and
shale gas storage, and radioactive waste disposal [8, 9].

As the relatively convenient and direct method, creep
tests are usually used to characterize creep rate, identify dif-
ferent creep phases, and determine the long-term strength.
Large numbers of investigations have been made through
uniaxial and triaxial creep tests [10-14]. Martin and Chandler
[15] argued that the long-term strength of rock corresponded
to the stress at the onset of the microcrack-induced dilation.
Chandler [16] further claimed that the long-term strength
of rock was defined by the stress at volume strain reversal.

As Szczepanik et al. [17] pointed out, the sample would
eventually fail under prolonged loading, which corresponded
to the point at which strain reversal or sample dilation started,
approximately 70% to 80% of the peak sample strength.
Meanwhile, the time-dependent crack growth has been
observed to estimate the long-term strength of rock [18-21].
However, the systematic studies on the long-term strength
of rock are still lacking, especially in the quantitative way.
Moreover, relatively little work has been done specially on the
long-term strength of low-permeability rock as granite gneiss.

In this paper, we have performed the triaxial creep tests
on granite gneiss under different pore pressures. Based on the
test data, the long-term strength of the rock is investigated.
Two new methods, tangent method and intersection method,
of steady creep rate are put forward to confirm the long-term
strength of rock in the quantitative way. The isochronous
stress-strain curve method is also adopted to verify the results
of the new methods. In the end, we discuss the effect of pore
pressure on the long-term strength of rock in triaxial creep
tests.

2. Experimental Method and Materials

A rock servo-controlled triaxial rheology test system is used
to perform the triaxial compression tests and creep tests.



(©)

Advances in Materials Science and Engineering

10um

WD11mm_ SS35 %2,000 ey

A5kv

x5,000 Sum

FIGURE 1: SEM photomicrographs of granite gneiss: (a) enlarged 250 times; (b) enlarged 2000 times; (c) enlarged 5000 times.
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TABLE 1: Mean value of porosity and density.
Specimen Porosity (%) Density (gcm™)
Granite gneiss 1.79 2.61

It can apply the confining pressure up to 60 MPa and the
maximum axial deviatoric stress of 500 MPa. The hydraulic
pressures at the inlet and outlet can be automatically adjusted
between 0 and 50 MPa with an accuracy of 0.1MPa. The
test data of stress, strain, and permeability changes are auto-
matically and accurately recorded at 5s intervals and then
transferred to a computer for further analysis.

The rock cores are granite gneiss, originally drilled from
the early Cretaceous stratum of underground oil storage
at a depth of 120 m. The mineral components of the rock
specimens are 33% plagioclase, 32% K-feldspar, 30% quartz,
and 5% biotite. The microstructure surface morphologies of
the samples were obtained as shown in Figure 1 by scanning
electron microscopy (SEM) technique. Most of the specimens
are gray and there are no obvious fractures in the surface.
Based on the basic parameter tests, the mean porosity and
density of the six rock specimens are shown in Table 1. As a
kind of low-permeability rock, the strength of rock is high
and its structure is compact.

The tested specimens were prepared as cylindrical sam-
ples with a diameter of 50 mm and a length of 100 mm
in accordance with the ISRM standard [22], as shown in
Figure 2. Based on the field monitoring results, three groups

FIGURE 2: Typical rock specimens of granite gneiss.

of triaxial creep tests were carried out in drained condition
with two identical specimens in each group. All the confining
pressures (0;) were 4.0 MPa and the initial pore pressure
differences (Pi) were, respectively, 1.0, 2.0, and 3.0 MPa.
Firstly, the confining pressure of 4.0 MPa was applied to the
specimen at a rate of 0.75 MPa/min. And then the difference
of pore pressure on the lower and upper sides of the specimen
was applied by an injection pump at the same rate. The
axial stress (0;) was applied after 24 h in order to assure the
tested specimens fully saturated. The axial deviatoric stress
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TABLE 2: Triaxial creep test conditions and preconfirmed deviatoric stress levels of the specimens.

Confining pressure Pore pressure

Specimens number

Deviatoric stress Creep duration

Stress level

(MPa) (MPa) (MPa) (h)

1 130 72

2 140 72

Al 4 1 3 150 72
4 160 72

5 170 52

1 125 72

2 135 72

A2 4 2 3 145 72
4 155 72

5 165 54

1 120 72

2 130 72

A3 4 3 3 140 72
4 150 72

5 160 58

(0, — 03) was stepwise increased at a rate of 0.75 MPa/min
until specimen failure. The first deviatoric stress level was set
as 55%~60% of the corresponding short-term peak strength.
Based on the study of Cristescu [23] and Tsai et al. [24],
the creep duration is determined by the concept of the
stabilization boundary, defined by data points at the end of
the primary creep. As for the granite gneiss in this study,
the specimens were allowed to creep for a time interval of
72h in each stress level. The deviatoric stress increments
were designed for 10 MPa. The confining pressure and pore
pressure were kept constant. All the specimens were quite
homogeneous from the same rock block to minimize the
scattering of test results attributable to variations of other
factors. All tests were conducted in a thermally insulated
room at constant temperature of (20 + 0.3)°C.

3. Analysis of Long-Term Strength

3.1. Creep Test Results. Taking into account the long-term
strength of rock, it is necessary and significant to identify
the time-dependent mechanical behavior of rock. Therefore,
the triaxial creep tests were carried out for saturated granite
gneiss under different pore pressures. Table 2 lists the creep
test conditions and preconfirmed deviatoric stress levels of
the specimens. The results of triaxial creep tests are illustrated
in Figure 3. In the curves, the strain components ¢;, &5, and €,
denote the axial, lateral, and volumetric strains, respectively.

As can be seen from Figure 3, granite gneiss reflects
the good creep mechanical behavior which is significantly
affected by the loading condition. Under lower values of the
deviatoric stress, the creep behavior can be divided into two
stages, a primary creep stage with decreasing creep rate and
a steady-state creep stage at constant creep rate. In the final
stress level, all the specimens exhibited creep failure with
a tertiary creep stage. During the creep process, the rock
mechanical behavior in the steady-state creep stage has great

significance, which decides whether the creep failure occurs
eventually.

Based on the creep curves, the axial modulus and the
ratio of lateral to axial strain in the complete creep test are
obtained. The axial modulus is calculated by the ratio of the
total axial deviatoric stress to the total axial strain. In the three
groups of specimens numbered Al, A2, and A3 as shown
in Table 2, the axial modulus is 30.02 GPa, 29.06 GPa, and
26.74 GPa while the ratio of lateral to axial strain is 0.95,
0.97, and 0.98, respectively. As for the three groups of triaxial
compression tests in accordance with the confining pressures
and pore pressures of specimens Al, A2, and A3 [25], Young’s
modulus is 44.91 GPa, 39.79 GPa, and 39.24 GPa, respectively.
Moreover, Poisson’s ratio is 0.36, 0.37, and 0.38. Through
comparison, the deformation parameters of the specimens
are significantly affected by the long-term loading. The creep
mechanical behavior of granite gneiss is obviously present.

3.2. Isochronous Stress-Strain Curve Method. The isochro-
nous stress-strain curve method is an approach that has been
used extensively for the creep evaluation of materials [26, 27].
As the most widely used and traditional method to confirm
the long-term strength of rock, isochronous stress-strain
curve method has been introduced into the test specification
[28, 29]. Isochronous stress-strain curves are the relationship
curves of creep deformation and stress at the same time
among a cluster of creep curves on different stress levels [30].
An isochronous stress-strain curve is firstly drawn by the
stress-strain value of each intersection which is obtained by
drawing a straight line that parallels the longitudinal axis on
triaxial creep curves and making it intersect with the creep
curves on different stress levels. The long-term strength of
rock corresponds to the stress at the inflection point of the
isochronous curves.

In this study, the specimens were allowed to creep for
a time interval of 72h in each stress level. As a result, 10 h,
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FIGURE 3: Triaxial creep test curves of granite gneiss: (a) 0; = 4 MPa, Pi =1 MPa; (b) 0; = 4 MPa, Pi = 2 MPa; (c) 0; = 4 MPa, Pi = 3 MPa.

20h, 30h, 40h, and 50 h in each stress level are determined
as the time parameter in the isochronous stress-strain curves.
Compared with the isochronous stress-axial strain and stress-
volumetric strain curves, it is more obvious and convenient
to find the inflection point in the isochronous stress-lateral
strain curves (Figure 4).

With time, the isochronous curves show obvious nonlin-
ear characteristics and then the inflection point occurs. When
the deviatoric stress exceeds the stress value of the inflection
point, the strain difference between the two immediate isoch-
ronous curves increases largely under high deviatoric stress.

3.3. Tangent Method of Steady Creep Rate. As mentioned
before, the steady creep rate plays an important role in the
confirmation of the long-term strength. In the steady creep
rate curves, the long-term strength corresponds to the stress
of the inflection point. However, in practice, it is difficult
to quantify the long-term strength just relying on the visual
observation and furthermore sometimes the inflection point
of the curves is vague. In order to solve the problem, we
introduce the tangent of the steady creep rate curves. The
acute angles («) between the tangents and the x-axis (devi-
atoric stress axis) are set as the key parameter in this method.

The long-term strength of rock is quantitatively confirmed
based on the intersection point between the tangents of
proper angles and the x-axis.

The lateral steady creep rate is also chosen as the research
subject. All the specimens experience five stress levels before
the failure. The steady creep rate curves are obtained through
the fitting of exponential function on the five points. In the
curves (shown in Figure 5), &; is the lateral steady creep rate.

In Figure 5(a), a series of tangents of different angles
are drawn on the curves. The angles are in the range of 0°
and 90° by 10°. Among them, the tangent of & = 0° is parallel
to the x-axis and the tangent of & = 90° is parallel to the y-
axis. There is no need to take the two tangents into account
in the study of the long-term strength. The angles « of the
following eight tangents are listed as 10°, 20°, 30°, 40°, 50°, 60°,
70°, and 80°. The intersections of the tangents and the x-axis
are sequentially named A, B, C, D, E, F, G, and H. Eight lines
of X=A,B,C, D, E, F, G, H are drawn and all intersect with
the curves. Therefore, the steady creep rate curves contain
AB, BC, CD, DE, EF, FG, and GH interval. Then, we need
to choose the proper interval. The basic principle is that the
inflection point of the curves must be in the interval. Through
comparison and analyses, the smallest interval of EF just
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FIGURE 4: Isochronous stress-lateral strain curves of granite gneiss: (a) o, = 4 MPa, Pi = 1 MPa; (b) 05 = 4 MPa, Pi = 2 MPa; (c) 05 = 4 MPa,

Pi =3 MPa.

contains the inflection point of the curves. The corresponding
angles « are between 50” and 60°. The deviatoric stress values
in EF interval are the long-term strength range of the spec-
imens.

For the rock specimens under other pore pressures, the
angles between 50° and 60° are also suitable for the confir-
mation of the long-term strength. This is shown in Figures
5(b) and 5(c). Through the tangent method, the long-term
strength range can be quantitatively and accurately confirmed
based on the angles a.

3.4. Intersection Method of Steady Creep Rate. In the process
of triaxial creep test, granite gneiss experiences not only the
volumetric compression, but also the volumetric dilatancy. At
low level of stress, the rock deformation is in compression
while the axial steady creep rate is greater than the volumetric
steady creep rate. Under high stress, the volumetric steady
creep rate increases sharply and becomes greater than the
axial steady creep rate. The rock samples experience signif-
icant volumetric dilatancy and exhibit creep failure quickly.
Therefore, the axial and volumetric curves of steady creep
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FIGURE 5: Curves of tangent method of steady creep rate: (a) o, = 4 MPa, Pi =1MPa; (b) 05 = 4 MPa, Pi=2MPa; (¢) 0; = 4 MPa, Pi=3 MPa.

rate exhibit an intersection point. It is the critical point of
rock compression and volumetric dilatancy. Based on the
actual deformation characteristics of the samples, the long-
term strength is defined by the stress at the intersection point.

The steady creep rate curves are obtained in the same
manner with the tangent method. The exponential function
is also used for the curves fitting. In the curves (Figure 6), &
and ¢, refer to the axial and volumetric steady creep rate. The
stress value of the intersection point is the long-term strength
in this method. The intersection method can quantitatively
obtain the long-term strength of rock conveniently.

4. Comparison and Discussion

4.1. Comparison of the Three Methods to Confirm the Long-
Term Strength. Based on the triaxial creep test data, isoch-
ronous stress-strain curve method, tangent method, and

intersection method of steady creep rate are used to confirm
the long-term strength of the rock specimens under different
pore pressures. The results of isochronous stress-strain curve
method are used as the reference, as the method is most
commonly used. The two new proposed quantitative methods
are compared on the basis of the reference. In Table 3, o,
denotes the long-term strength of the rock specimens. D is
the percentage of the difference in the reference while the
difference is between new method results and the reference.
According to Table 3, the results ranges of the tangent
method are precise. The results ranges basically contain the
results of the other two methods. Compared with the results
of the isochronous curve method, the results are in the
fluctuation between —0.8% and 0.7% of the reference. It is
noticed that the results of the intersection method are very
close to that of the isochronous curve method. The maximum
difference of the two methods is 0.5% of the reference.
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TABLE 3: Results comparison of the three methods to confirm the long-term strength.

Specimen  Isochronous stress-strain curve method ~ Tangent method of steady creep rate  Intersection method of steady creep rate

number 0.,/MPa 0../MPa D/% 0.,/MPa D/%
Al 1578 156.8~158.6 ~0.6~0.5 158.4 0.4
A2 152.4 151.6~153.4 ~0.5~0.7 153.2 05

A3 147.6 146.4~148.2 -0.8~0.4 148.4 0.5




In conclusion, the tangent method and intersection
method of steady creep rate are very precise and suitable for
the confirmation of the long-term strength of granite gneiss,
which may be applied in the long-term stability analysis of
rock engineering.

4.2. Effect of Pore Pressure on the Long-Term Strength. Itisalso
apparent from Table 3 that pore pressure has influence on the
long-term strength of the rock specimens. Take the results of
intersection method as an example. Under a confining pres-
sure of 4 MPa, when the pore pressure increases from 1 MPa
to 3 MPa, the long-term strength decreases from 158.4 MPa
to 148.4 MPa. The higher the pore pressure, the lower the
long-term strength of rock.

It can also be noticed from Figure 3 that the creep defor-
mation is larger in higher pore pressure while the creep rate
is greater. This phenomenon is more obvious at high level
of stress. According to the effective stress concept, the pore
pressure in the specimens causes a decrease in the confining
pressure. To sum up, the long-term strength of rock is affected
by the pore pressure.

5. Conclusions

Granite gneiss, taken from underground oil storage, was
tested in a series of triaxial creep tests under different pore
pressures. The long-term strength of rock is investigated and
studied in this paper experimentally. Based on the results
obtained, conclusions can be made as follows:

(1) The tangent method of steady creep rate is proposed
to confirm the long-term strength of rock in the quan-
titative way. The acute angles («) between the tangents
and the x-axis (deviatoric stress axis) are introduced
as the key parameter in this method. The smallest
interval just contains the inflection point of the curves
and is related to the long-term strength.

(2) Based on the deformation characteristics of the sam-
ples, the stress at the intersection point of the axial and
volumetric steady creep rate curves is defined as the
long-term strength of rock. This new method is more
convenient to obtain the long-term strength of rock.

(3) The common isochronous stress-strain curve method
is also adopted and used as the reference. Through the
results comparison, the results ranges of the tangent
method are precise with the fluctuation between
—0.8% and 0.7% of the reference values. Moreover,
the results of the intersection method are very close
to that of the isochronous curve method with the
maximum difference of 0.5% of the reference values.

(4) The two new proposed methods, tangent method and
intersection method, are very precise and suitable for
the determination of long-term strength of rock in the
quantitative way. It is also apparent that pore pressure
has influence on the long-term strength of the rock
specimens.

Nevertheless, the two methods are proposed and imple-
mented based on the rock specimens of granite gneiss. In the

Advances in Materials Science and Engineering

future, the two new methods are to be validated by more test
data with various rocks and loading conditions to show the
generalization ability in the study of the long-term strength
of rock.
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