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Abstract

Granite rock mass is used for various rock engineering purposes. To ensure long-term
stability, information about the subcritical crack growth and an estimate of the long-term
strength of the rock are necessary. The influence of the anisotropy of granite on its long-term
strength has not yet been clarified. In this study, the anisotropy of the long-term rock strength
was investigated for two types of granite rocks, Oshima granite and Inada granite.
Specifically, the effect of the anisotropy in crack propagation on the long-term strength was
examined. The results showed that the long-term strength of granite is anisotropic, as are the
fracture toughness and Brazilian tensile strength measured in this study. The long-term
strength was lowest when crack propagation occurred parallel to the rift plane, where most of
the microcracks occur. For Inada granite, which has an anisotropic subcritical crack growth
index, the degree of anisotropy of the long-term strength increased as the time-to-failure

increased. This suggests that the long-term strength of granite is anisotropic.
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1. Introduction

Granite rock mass has been used for various rock engineering and geomechanical purposes
such as underground disposal of radioactive waste, construction of caverns to store liquid
natural gas or liquid petroleum gas, and extraction of geothermal energy from hot dry rock.
Granite contains numerous microcracks, and the distribution of these microcracks has a
strong effect on the transport of mineral resources and geothermal energy underground.
Therefore, knowledge of microcrack distribution in granite is essential for the safe and
efficient use of granite for various geomechanical and engineering purposes.

Granite has physical and mechanical anisotropies arising from the preferred orientation of
the microcracks (Dale 1923; Simmons et al. 1975; Sano et al. 1992). Various researchers have
reported the anisotropy of elastic wave velocities in granite. For example, Thill et al. (1973)
reported that P-wave velocity had orthorhombic anisotropy in both saturated and dry rock
conditions, and that this anisotropy is related to the preferred orientation of the microcracks.
Sano et al. (1992) reported that granite generally had orthorhombic elasticity, as demonstrated
by measuring P-wave and S-wave velocities in 18-faced and 34-faced polyhedral specimens
of Barre granite, Chelmsford granite, and Oshima granite. They also concluded that the
granite anisotropy was caused by the preferred orientation of the microcracks because the
anisotropy disappeared when the microcracks were closed under hydrostatic pressure greater
than 100 MPa. Takemura et al. (2003) and Takemura and Oda (2005) showed that the
anisotropy of the P-wave velocity in Inada granite and Oshima granite was caused by the

distribution of open microcracks. Nara et al. (2011) reported that P-wave velocities in granite



©CO~NOOOTA~AWNPE

could be generally approximated by the associated Legendre function, which is extended to
second-order terms by determining the three-dimensional distribution of P-wave velocity in
polyhedral granite specimens.

Since granite rock mass is used for various rock engineering purposes as mentioned before,
it is essential to study fracturing in granite to ensure the mechanical stability of granite rock
mass. Rock strength measured in laboratory tests is anisotropic (Douglass and Voight 1969;
Peng and Johnson 1972). In granite, the preferred orientation of microcracks affects fracture
propagation. Nara et al. (2006) and Fujii et al. (2007) reported that the roughness of the crack
path and fracture plane was reduced in fracturing that was parallel to the rift plane, where
most microcracks occur. Their results indicate that fracturing in granite connects microcracks
distributed parallel to the crack propagation direction. Sano and Kudo (1992) and Nara and
Kaneko (2006) found that crack velocity in granite was anisotropic by measuring the
subcritical crack growth (SCG) (Anderson and Grew 1977; Atkinson 1984). Specifically,
Nara and Kaneko (2006) reported that the crack velocity was highest if the crack propagated
parallel to the rift plane.

SCG is the main cause of time-dependent fracturing in rock. By measuring SCG, it is
possible to estimate the long-term strength (LTS) of rock (Nara et al. 2010, 2013). LTS
information is essential to ensure the long-term integrity of the rock mass. Since we have a
good understanding of the anisotropy of granite, it is important to consider the anisotropy of
granite in the estimation of LTS. However, the estimation of LTS was conducted by assuming

that the materials were isotopic (Nara et al. 2010; 2013), and information about the
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anisotropy of granite LTS is not widely available.
In this study, using granite samples, the anisotropy of LTS is investigated. Specifically, the

effect of anisotropic crack propagation on LTS is examined by analyzing SCG in granite.

2. Rock samples

Oshima granite (OG) and Inada granite (IG) are used as the rock samples (Fig. 1). Figures
2 and 3 show photomicrographs of OG and IG where panels a, b, and ¢ present
photomicrographs obtained under ultraviolet light by the fluorescent method (Ali and Weiss
1968; Gardner and Pincus 1968; Nishiyama and Kusuda 1994), open nicol, and crossed
nicols, respectively. The constituent minerals (proportion) of OG are quartz (36%),
plagioclase (37%), K-feldspar (22%), biotite (4%), and hornblende (less than 1%) (Sano et al.
1981). IG consists of quartz (36%), plagioclase (32%), K-feldspar (28%), biotite (4%), and
trace amounts of accessory minerals such as allanite, zircon, apatite, and ilmenite. (Lin 2002).

It has been reported that some granitic rocks have foliation (Kanaori et al. 1991). In this
study, however, the effect of foliation on the property of granite is not discussed because the
granite samples used in this study were obtained from the same quarry as the samples used by
Sano and Kudo (1992) for OG and Lin (2002) for IG, which were found to have no foliation.

Orthorhombic elasticity was observed in OG and I1G (Sano and Kudo 1992; Sano et al.
1992; Nara and Kaneko 2006). Especially, Nara and Kaneko (2006) measured P- and S-wave
velocities in OG and IG granite samples similar to those used in this study and reported that

the samples had orthorhombic elasticity due to the preferred orientation of pre-existing
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microcracks. Nara and Kaneko (2006) named three principal axes (axes-1, -2, and -3) in
descending order of P-wave velocity propagating parallel to these axes. The planes normal to
axes-1, -2, and -3 are planes-1, -2, and -3, respectively. Therefore, plane-3 corresponds to the
rift plane in granite. The values of P-wave velocity propagating normal to these planes in OG
and IG are summarized in Table 1. In Tables 2 and 3, the orthorhombic elastic compliances of
OG and IG, respectively, are summarized (Nara and Kaneko, 2006).

Sano and Kudo (1992) and Nara and Kaneko (2006) reported anisotropy in the relation
between the stress intensity factor, K,, and the crack velocity, da/dt (the K;-da/dt relationship)
for SCG in granite, verified by the double torsion (DT) test (Williams and Evans, 1973). In
particular, Nara and Kaneko (2006) clarified that the opening direction of the crack controlled
the K|-da/dt relationship for granite. This means that the properties of tensile fracturing in
granite are controlled by the preferred orientation of the pre-existing microcracks.

3. Methodology
3.1 Estimating the long-term strength

To estimate the LTS, we assume an infinite plate containing a single crack of length 2a,
subjected to a uniform tensile stress o (Murakami, 1986). In this case, the stress intensity
factor is expressed by

K, = o(ra)’? @
where K; is the mode-I stress intensity factor.
The relationship between the crack velocity and the stress intensity factor is expressed as

follows (Charles, 1958):
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= AR @)

where da/dt is the crack velocity, and A and n are experimentally determined constants, called
SCG parameters (Nara et al. 2013); in particular, n is the SCG index (Atkinson 1984;

Atkinson and Meredith 1987). From Egs. (1) and (2), the following equation can be obtained:

da

n/2 nAn/2
=x7""Ac"a 3
™ 3)

From this equation we obtain
Ia‘”’zda = J.ﬂ”/ZAJ"dt (4)

The general solution of Eq. (4) is

1

1 n/ 2 a1—n/2 — 7Z'n/2AO'nt +cC (5)

where c is a constant of integration. For initial condition a = ag at t = 0, the constant c is given

by

2 @-n)/2 _

o3 = ©

From Egs. (5) and (6), the following equation can be obtained:
a2 _ 2—-n 272 Aot + ao(2fn)/2 @)

Then, from Eq. (7) we obtain

. (2-n)/2
-2 """ fa ®)
(n-2)z"?A o" a,

Even though the crack propagates statically at the beginning, the manner of crack

propagation will change from static to dynamic as time goes by. Furthermore, the crack
length will increase rapidly and then diverge. Assuming that the time when the crack length

diverges is the “time-to-failure” ts, this is expressed as



©CO~NOOOTA~AWNPE

(2-n)/2

2 %
tf = n/2 n
(n-2)z"°A o

(9)

For a material that reaches failure in x years under constant stress, the constant stress
corresponds to the LTS. Because the time-to-failure is x years (about 3.15 x 10’ seconds)

under this stress, from Eq. (9) the following equation can be obtained:

1 2 ao(zfn)/z
3.15x10"x (n—2)z"*A

(S,(X)" = (10)
where S¢(x) is the LTS.

If the tensile strength and the fracture toughness of a material are S; and K¢, respectively,
then when the crack length is ao, the relation between S; and K¢ can be expressed as

Kic =S, (7Z'ao)ﬂ2 (12)

From Egs. (10) and (11), we can then obtain the following equation:

1 2 1/n K (2-n)/n
5.(x) = 7 c (12)
3.15x10°x (n—2)zA S,

By using this equation, we can estimate the LTS of a solid material as Si(x) (Nara et al. 2010).

3.2 Estimation method of tensile strength and fracture toughness

In this study, the Brazilian tensile strength (splitting tensile strength) is used for S;. To
estimate the LTS of granite, the values of n, A, S;, and K¢ are necessary.

The values for the SCG parameters n and A are taken from the results of Nara and Kaneko
(2006); these were obtained in air in controlled temperature (284 K) and relative humidity
(45%).

S; and K¢ are experimentally measured in this study in ambient air conditions, without

controlling temperature and relative humidity, because the loading frame used for the strength
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measurements was not in a controlled environment. The temperature and relative humidity
during the measurement of S; and K¢ were 289-293 K and 45-50%, respectively.

St is measured by the Brazil test technique for a strain rate of 10° s™ by preparing
cylindrical specimens from the same blocks of OG and IG used in Nara and Kaneko (2006).
The diameter and length of the specimens used in the Brazil test are 30 mm and 20 mm,
respectively. The specimens were prepared from three orthogonal directions parallel to
planes-1, -2, and -3 to investigate the strength anisotropy. The Brazilian tensile strength can

be calculated from the following equation (Fairbairn and Ulm 2002):

S, = 2R
zDI

(13)
where Py is the applied load at failure, D is the diameter of the specimen, and | is the length of
the specimen for the Brazil test.

The fracture toughness Kc can be measured by the constant displacement rate method of
the DT test (Evans 1972; Shyam and Lara-Curzio 2006). Figure 4 shows a schematic of the
specimen for the DT testing. In this figure, the specimen dimensions are W — width, d —
thickness, d, — reduced thickness, and L — length. According to the reports of Evans et al.
(1974), Atkinson (1979), and Pletka et al. (1979), the size of the DT specimen has to satisfy
the following condition:

12d <W <L/2 (14)
Based on this condition, the size of the DT specimens in this study was set to W =45 mm, d =
3 mm, d, =2 mm. The length L was set as 155 mm for OG while the length of the IG

specimen was 110 mm, because the size of the 1G block was smaller. The specimen sizes in
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this study satisfy the condition of Eq. (14).

In Fig. 5, a photo and illustration of the experimental apparatus for the constant
displacement rate method of DT testing are shown (Nara et al. 2012). This apparatus consists
of a speed-control motor that drives the loading axis. The applied load is measured by a load
cell with an accuracy of £0.04 N. The displacement of the load-points is measured by two
displacement transducers, each with an accuracy of +0.5 um.

The displacement rate should be higher than 0.07 mm/s, according to Selguk and Atkinson
(2000). In this study, following the method of Nara et al. (2012), K¢ is measured by using the
constant displacement rate method of DT testing, applying a load at a displacement rate of
0.23 mm/s, the maximum rate of the experimental apparatus, and after applying a small
amount of pre-load, around 10 N.

Figure 6 shows the temporal changes of the applied load on the DT specimens for the K¢
measurements. The time interval of the data sampling for the fracture toughness measurement
was 0.5 s. The change of the applied load is very rapid. Using the peak value of the applied
load, Kc is estimated from the equations shown in Nara et al. (2012). For orthorhombic
materials, assuming that the directions of the coordinate axes and loading are defined as

given in Fig. 4, the fracture toughness K;c can be expressed as follows:

1/2

3P_°wW_ s J

K — max m*66 (15)
IC ( 2d 3dn (2822 ((811322 )112 + SlZ + S66/2))1/2

where Pnax is the maximum value of the applied load, wy, is the moment arm (18 mm was

used here), and s;j; (i, j = 1, 2, or 6) is the elastic compliance of the orthorhombic material
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(Sano and Kudo 1992; Nara and Kaneko 2006). As explained by Sano and Kudo (1992), if
the loading direction is different from that given in Fig. 4, the subscripts of s;; must be
transformed.
4. Results

Photos of the DT specimens after the fracture toughness measurements are shown in Fig. 7.
The specimens show complete failure due to the crack growth. In Table 4, the values of n,
logA, S;, and K¢ are summarized. All the values are with respect to the fracturing directions.
The values of n were taken from Nara and Kaneko (2006), as mentioned before. Since the
values of log A were not shown in Nara and Kaneko (2006), they were taken from the
experimental results in Nara and Kaneko (2006) for this study. The value of K,c for OG
fracturing parallel to plane-3 was determined by using the relation between K¢ and the
relative humidity that was experimentally obtained by Nara et al. (2012) and is expressed as
follows:

K, =—2.41x10°h +2.27 (16)

where hy is the relative humidity [%]. This was set as 50% for this study. In Table 4, the
degree of anisotropy is also provided. The degree of anisotropy is calculated as (Max —
Min)/Max, where Max and Min are the maximum and minimum values, respectively, of the
parameter of interest. From Table 4, it can be seen that logA, S;, and K¢ are anisotropic in all
the cases. In addition, n is anisotropic for IG and isotropic for OG.

In Fig. 8, the relation between the LTS and time-to-failure for granite is shown. It can be

seen that LTS is anisotropic for both types of granite rocks and is lowest when fracturing
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occurs parallel to plane-3 (the rift plane). In Table 5, the values of LTS are summarized along
with the degree of anisotropy, as in Table 4. The degree of LTS anisotropy for IG increases as
the time-to-failure increases. In contrast, the degree of LTS anisotropy for OG is almost
constant as the time-to-failure increases.

5. Discussion

This study found that LTS in granite is anisotropic. The experiments in this study also
show that the tensile strength and fracture toughness are also anisotropic. Nara et al. (2010)
described how to estimate LTS, and Nara et al. (2012) reported how to estimate the fracture
toughness of rock using the DT test. However, their studies did not obtain the anisotropic
properties of LTS and fracturing.

In this study, it was found that the Brazilian tensile strength and the fracture toughness
were anisotropic. When fracturing occurred parallel to plane-3, the strength and fracture
toughness were the smallest. This indicates that the preferred orientation of the pre-existing
microcracks significantly affected the anisotropy of the strength and fracture toughness.
Especially, the results suggest that the pre-existing microcracks parallel to the fracturing
direction had a significant effect on the decrease of the strength and fracture toughness of the

samples.

The granite samples OG and IG used in this study have physical and mechanical anisotropy.

Using measurements of P- and S-wave velocities in various directions for OG and IG, Sano et
al. (1992) and Nara and Kaneko (2006) reported that the anisotropy of granite in air and

under low pressure was due to the preferred orientation of pre-existing microcracks. Using
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various granite rocks quarried in Japan, Chen et al. (1999) and Nara et al. (2011) reported that
the anisotropy of granite can be described by the distribution of the pre-existing microcracks.

This suggests that granite in Japan generally has anisotropy due to the preferred orientation of
pre-existing microcracks.

The anisotropy of LTS is caused by the strength and fracture toughness as well as the
Ki-da/dt relationship for SCG. Therefore, determination of the SCG parameters n and A is
important in understanding the characteristics of LTS. For the SCG parameters, A is
anisotropic for both OG and IG, while n is anisotropic only for IG. The decrease in LTS with
increasing time-to-failure is controlled by the value of n, because the slope in Fig. 5 is equal
to —1/n, which comes from Eqg. (12). When the value of n is higher, the decrease in LTS from
increasing time-to-failure is smaller; therefore, the increased LTS anisotropy for IG is caused
by the anisotropy of n.

The value of A corresponds to the crack velocity at K, = 1.0 [MN/m*?] according to Eq. (2),
and is directly related to the value of LTS at time-to-failure t; = 1 [year] according to Eq. (12).
Therefore, the value of A affects only the degree of LTS anisotropy at ts = 1, Sy(1).

For OG, even though n is isotropic, LTS is anisotropic. Since A is anisotropic for OG, it is
considered that the estimate of A strongly affects the anisotropy of LTS. Ko and Kemeny
(2013) reported that the value of A can be determined by various testing methods, including
the DT test, Brazil test, three-point bending test, grooved disk test, and compact tension test.
Additionally, they suggested that the deviation of A is largest for the DT test even though

similar average values can be obtained. However, the DT test has the advantage that it can
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provide the data of the crack velocity and the stress intensity factor which relate directly to
the crack propagation. In addition, Nara and Kaneko (2006) already showed the dependence
of the crack velocity in granite on the crack propagation direction. The value of A
corresponds to the crack velocity at K, = 1.0 MN/m*?2. Therefore, the anisotropy of LTS
shown in this study is considered to be valid. Furthermore, since n is significantly dependent
on the crack propagation direction, the increase in the degree of LTS anisotropy for IG is also
considered valid. The procedures in this study are therefore considered appropriate and the
results are meaningful.

Because some rock engineering projects may be intended for long-term use, such as
radioactive waste disposal, it is necessary to understand the time-dependent behavior of rocks,
such as the SCG parameters (n and A) and the LTS. This study shows that the rock’s LTS
anisotropy can increase if n is anisotropic, and the LTS is lowest when the cracks propagate
parallel to the weakest direction. Thus, the rock’s suitability for use in an engineering project
depends on whether it is anisotropic and on the lowest acceptable LTS value.

6. Conclusions

In this study, the anisotropy of granite LTS was investigated for two granite rocks (OG and
IG). The influence of the anisotropy of crack propagation on granite-rock LTS was
investigated. We found that the LTS of granite is anisotropic, as are the K;-da/dt relation for
SCG, the fracture toughness, and the Brazilian tensile strength. For both types of granite rock
tested, the LTS was the lowest when crack growth occurred parallel to plane-3 (the rift plane).

For IG, where both SCG parameters n and A are anisotropic, the degree of LTS anisotropy
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increased with increasing time-to-failure. For OG, where A is anisotropic and n is isotropic,
the degree of LTS anisotropy was independent of the time-to-failure even though the LTS was

anisotropic. These results indicate that LTS is anisotropic for granite.
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Figure captions

Figure 1 Photos of (a) Oshima granite and (b) Inada granite. The length and height are both

30 mm.

Figure 2 Photomicrographs of Oshima granite observed by a polarizing microscope under
(a) ultraviolet light, (b) open nicol, and (c) crossed nicols. The height of each viewed

area is 1.85 mm.

Figure 3 Photomicrographs of Inada granite observed by a polarizing microscope under (a)
ultraviolet light, (b) open nicol, and (c) crossed nicols. The height of each viewed area is

1.85 mm.

Figure 4 Schematic of Double Torsion specimen and loading configuration. The loading

forces are indicated by the four thick arrows.

Figure 5 Experimental apparatus for fracture toughness measurement. (a) Photo, (b)

schematic illustration (after Nara et al. (2012)).

Figure 6 Temporal changes in applied load for fracture toughness measurements by

constant displacement rate experiments of double torsion test. (a) Oshima granite
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fracturing parallel to plane-1; (b) Oshima granite fracturing parallel to plane-2; (c) Inada
granite fracturing parallel to plane-1; (d) Inada granite fracturing parallel to plane-2; (e)

Inada granite fracturing parallel to plane-3.

Figure 7 Photos of Double Torsion specimen after fracture toughness measurements for (a)
Oshima granite and (b) Inada granite. The length of the specimens for OG and IG are

155 mm and 110 mm, respectively.

Figure 8 Relation between long-term strength and time-to-failure for (a) Oshima and (b)

Inada granite in air.
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Table captions

Table 1

Table 2

Table 3

Table 4

Table 5

P-wave velocity in Oshima granite and Inada granite

Elastic compliance of Oshima granite (after Nara and Kaneko (2006))

Elastic compliance of Inada granite (after Nara and Kaneko (2006))

Summary of subcritical crack growth parameters, fracture toughness, and tensile

strength for granite

Summary of long-term strength for granite
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Table 1 P-wave velocity in Oshima granite and Inada granite

Rock samples P-wave velocities [km/s]
Oshima granite 4.91 (in axis-1), 4.61 (in axis-2), 4.51 (in axis-3)
Inada granite 4.69 (in axis-1), 4.33 (in axis-2), 4.06 (in axis-3)

Table 2 Elastic compliance of Oshima granite (after Nara and Kaneko (2006)).

Elastic compliance s;; [x10?Pa™]

j

1 | 2] 3 ]4]5]6

1| 167 328 328 0 0 0
2|-328 189 328 0 0 0
(3328 328 197 0 0 0
4/ 0 0 0 460 0 0
5/ 0 0 0 0 434 0

6/ 0 0 0 0 0 44

Table 3 Elastic compliance of Inada granite (after Nara and Kaneko (2006))

Elastic compliance s;; [x10"?Pa™]

j
1 | 2 | 34|56
1/181 332 332 0 0 O
2|-332 211 332 0 0 0
[3]-332 328 239 0 0 0
4/ 0 0 0 59 0 0
5/ 0 0 0 0 491 0
6/ 0 0 0 0 0 461
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Table 4

strength for granite

Summary of subcritical crack growth parameters, fracture toughness, and tensile

Rock Fracturing logA n Fracture toughness Brazilian tensile
samples direction [MN/m*?4] strength
[MPa]
Oshima parallel to —27.8+35 7717 2.58+0.11 7.85+0.53
granite plane-1
parallel to —25.6£2.4 79x10 2.27+0.06 6.39+0.13
plane-2
parallel to —23.9+4.6 79£11 2.15 6.14+0.06
plane-3 (after Nara et al. (2012))
(Max — Min)/Max 0.140 0.026 0.167 0.218
Inada parallel to —19.3+3.3 75%11 1.89+0.09 10.04+0.39
granite plane-1
parallel to —14.3+3.3 69£15 1.68+0.01 9.85+0.47
plane-2
parallel to —-9.9+2.8 54+12 1.30+0.09 6.58+0.21
plane-3
(Max — Min)/Max 0.487 0.280 0.312 0.345
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Table 5 Summary of long-term strength for granite

Rock Fracturing Si(1) S1(10) Si(100) St(1000)  S¢(10000)
samples direction [MPa] [MPa] [MPa] [MPa] [MPa]
Oshima parallel to 5.10 4.95 4.80 4.66 4.52
granite plane-1

parallel to 4.37 4.25 4.13 4.01 3.89
plane-2

parallel to 4.22 4.10 3.98 3.87 3.75
plane-3

(Max — Min)/Max  0.173 0.172 0.171 0.170 0.170

Inada parallel to 6.85 6.64 6.44 6.25 6.06

granite plane-1
parallel to 6.57 6.36 6.15 5.95 5.75

plane-2
parallel to 4.87 4.66 4.47 4.28 4.10

plane-3

(Max —Min)/Max  0.289 0.298 0.306 0.315 0.323
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