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Abstract: The stress corrosion index of Kumamoto andesite are evaluated by two types of testing method. One is
the uniaxial compression test under various water vapor pressures, and the other is the double torsion (DT) test
under a constant water vapor pressure. For the uniaxial compression tests, the uniaxial compressive strength in-
creases linearly with decreasing water vapor pressure on the double logarithmic coordinates. As the results, the
stress corrosion index obtained is estimated 44. On the other hand, in the DT test, the relaxation (RLX) test and
the constant displacement rate (CDR) test were conducted. For the CDR test, as the displacement rate of loading
point increases, the crack velocity increases. However, the fracture toughness is constant regardless of the change
in displacement rate and the average fracture toughness is evaluated 2.07MN/m*”. For the RLX test, the crack
velocity—stress intensity factor curves are smooth and linear. The stress corrosion index estimated from the curves
is 37. Comparing stress corrosion indexes in the uniaxial compression test and the DT test, there is no significant
difference in these values, and they are considered to be in coincident each other regardless of testing methods.
Therefore, it is concluded that stress corrosion is one of material constants of rock.

1. Introduction

Stress corrosion index can be evaluated from DT test (Atkinson, 1979, 1980; Sano and Kudo, 1992; Seto et al.,
2000), uniaxial compression test (Sano et al., 1981; Obara et al., 1996a, 1996b; Jeong et al., 2003) and creep test
(Schmidtke and Lajtai, 1985; Lockner, 1993). This index has been recognized as a parameter representing the
property of rock. Sano et al. (1981) showed that stress corrosion indexes of crystalline silica-rich rocks seemed to
have the values around 30. Many researchers have been investigated that the stress corrosion index increases with
increasing water vapor pressure (Waza et al., 1980; Swanson, 1984; Lajtai and Schmidtke, 1986). However, there
are few experiments with a change in water vapor pressure. Furthermore, there are few reports about the evaluation
of stress corrosion index by the different type of experiments, using same kind of rock specimen.

In this paper, the stress corrosion index is evaluated using a kind of rock specimen by two types of testing
method. That is, the uniaxial compression tests under various water vapor pressures and the DT test under a con-
stant water vapor pressure are conducted on Kumamoto andesite. The stress corrosion indexes obtained by two
types of testing method are compared and examined.

2. Fundamentals of Testing Method

Uniaxial compression test

In case that crack velocity is proportional to water vapor pressure, the power law of crack velocity da/dt due to
stress corrosion dependence on the tensile stress at a crack tip in brittle materials can be represented to the follow-
ing equation (Wiederhomn, 1967; Martin, 1972): '

da/dt=A4-p™-0c" a? ¢))
where A4 is a proportional constant, n,, is the order of the rate-limiting chemical reaction, » is stress corrosion index
and a is crack length. Assuming that stress rate & is constant in uniaxial compression test and integrating from ini-
tial crack length g, to critical crack length a, at time ¢ = ¢, the following equation is obtained.
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Assuming that failure occurs when the stress reaches critical value S,, ¢, becomes
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where ¢ is strain rate. From eq. (2) and eq. (3), the fol-
lowing relation is obtained.

SC"H o é/p"w (4)

When n, is assumed to be equal to unity, n becomes to
stress corrosion index. Therefore,

logs, o Llog(ﬁj ©)
n+1 p
This equation coincides with those suggested by Sano et

al. (1981), Kato et al. (1993) and Seto et al. (2000).
Double torsion test

Fig. 1 shows the plot of the logarithm of the stress cor-
rosion crack velocity v against the stress intensity factor
K. In region I, the relation is linear, and the crack veloc-
ity is controlled by the rate of stress corrosion reaction at
the crack tip. In region II of plateau, the crack velocity is
independent of stress and controlled by the mass trans-
port of corrosive reactants to the crack tip. In region III,
crack growth curves are quite steep and K| is close to

critical stress intensity factor, namely fracture toughness.

The crack growth in this region is controlled by mechani-
cal rupture and it is relatively insensitive to the chemical
environment (Evans and Johnson, 1975; Freiman, 1984).

Crack velocity, v

Kic

1

Ko

Stress intensity factor, K|
Fig. 1. The variation of stress intensity factor with crac
velocity.

The crack velocity against stress intensity factor in region I is represented by the following power law (Martin,

1972; Atkinson, 1980):

v=aKk, ©
where n is stress corrosion index, and a is a constant. The double torsion (DT) test is one of reliable methods for

the investigation of crack growth in region 1.

The basic geometry of a DT specimen is illustrated in Fig. 2. The specimen is a thin plate, which is notched and
grooved along the length of the specimen to guide a crack. The load is applied to the end of the specimen in torsion
by four-point loading. Then the crack is propagated along the guide groove.

Williams and Evans (1973) suggested the method to calculate stress intensity factor K; and crack velocity da/dr
in DT test under the condition of a constant displacement as the following equations.

Guide g

&W

Fig. 2. Schematic view of double torsion test.
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where P is applied load, du/dt is the rate of displacement, dP/d! is the rate of load relaxation, P; and A; are the initial
values of load and compliance, v and u are Poisson’s ratio and shear modulus of the material and ¢ is a factor de-
pending on the crack geometry. w,, W, d and d, are the same as in Fig. 2. From eq. (7), (8) and (9), stress intensity
factor and crack velocity for DT configuration are expressed as a function of applied load, specimen dimensions,
Poisson’s ratio and Young’s modulus. Therefore, DT test has been widely used for the study of subcritical crack
growth in the world, because that the configurations of loading system and specimen are simple and that stress in-
tensity factor is independent of crack length (Williams and Evans, 1973).

3. Specimen and Testing Procedures

Specimen

The rock used in uniaxial compression test and DT test is Kumamoto andesite. Because that Kumamoto andesite
is isotropic and homogeneous (Obara et al., 1992), The specimen for uniaxial compression test and DT test are
made from a cubic block randomly. Kumamoto andesite is porphyritic and consists of plagioclase (about 50%),
homblende and augite (2~3%) as phenocryst and fine-grained groundmass. Kitagishima granite is consists of
quartz (34.6%), plagioclase (34.4%), orthoclase (27.7%), biotite (2.2%), chlorite {1.1%) and other minor minerals.

As the dimensions of the specimen, the diameter and length of the specimen are 35mm and 70mm in the uniaxial
compression test. Two kinds of specimen are used in the DT test: one is without guide groove for the CDR test, the
other is with guide groove for the RLX test. Both specimens have an initial notch. The dimensions of the former
are the width W, length L and thickness d of the specimen are 45, 130 and 2mm respectively. The dimensions of the
latter are /' =45, L =130 and d =3mm. The guide groove with a depth of 1mm is cut at the central part of the
specimen along its length. The length of the initial notch is 25mm. The schematic view of the specimen having
guide groove is shown in Fig. 3.

In order to achieve complete dry condition of the rock specimens, these were dried in the electric drier oven at
constant temperature 197°C and kept in a desiccator after drying.

Uniaxial compression test

A vacuum chamber was made to control the surrounding environment of rock as shown in Fig. 4. The chamber,
which is made of SUS304, has six ports and a valve to inject gases. In these ports, two ports are used to lead the
output from strain gauges pasted to the specimen surface. Another two ports are to measure the vapor pressure in
the chamber by two pressure gauges, namely a pirani pressure gauge which measurement range is 10° to 10"'Pa and
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Fig. 3. Dimensions of DT specimen used in this research (unit : mm).
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Fig. 4. Picture of a vacuum chamber. Fig. 5. Change of pressure in the chamber.

a penning pressure gauge which measurement range is 10° to 10°Pa. One port is the window for observing inside of
the chamber and the last port with a valve is used as the evacuation of the air in the chamber by vacuum pumps.

Two pumps, a rotary vacuum pump and turbo molecular vacuum pump, are used to change the environment in
the chamber to water vapor environment. These pumps are connected to the evacuation valve of the chamber with
flexible tube.

Fig. 5 shows the change of the pressure in the chamber during test. At first, after the air in the chamber was
evacuated by using two vacuum pumps until the pressure of about 10°Pa, then the distilled water was injected
through the injection valve to a pressure of about 10°Pa. As the result, it is considered that the pressure in the
chamber becomes the saturated water vapor pressure at room temperature and that the chamber is filled with only
water vapor. Then the water vapor in the chamber was exhausted again. After the required water vapor pressure
was maintained for about 24 hours, the uniaxial compression test was performed.

S00kN servo-controlled testing machine was used for the test. The applied load is controlled by a constant strain
rate.

Double torsion test

Fig. 6 shows an apparatus for DT test. A specimen is supported by
six steel ball bearings (4mm in diameter) and the load generated by
the electric cylinder is applied on the end of the specimen through
the four ball bearings. It is possible that torsional moment is sub-
jected to the specimen and a tension crack is propagated along the
guide groove of the specimen. The moment arm w,, which is the
distance between two ball bearings of the upper and lower plate, is
18mm as shown in Fig. 2. The state of induced crack is observed
from a digital microscope (x175) under the loading apparatus. The
applied load is measured by load cell. The displacements of the load-
ing points are monitored by two displacement transducers.

In the DT test, the relaxation (RLX) test and constant displace-
ment rate (CDR) test are conducted. The procedures of each test in-
clude the pre-cracking and the constant displacement rate test in
CDR test and the pre-cracking, the measurement of initial compli-
ance and the load relaxation test in RLX test.

Prior to the CDR or RLX test, the pre-cracking of the DT speci-
men is necessary to achieve a ‘natural crack’. The natural crack is
produced from the end of the notch. This technique is followed to
Pletka et al. (1979). The specimen is loaded at a slow speed, and
then the displacement is fixed for a while so that a constant load is
maintained on the specimen. Then load is reduced. After that, the
load is increased again and the displacement is fixed. This process is

Fig. 6. Photograph of apparatus for DT test.
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Fig. 7. Procedures of the RLX test. (a) precracking, (b) measurement of initial compliance, (c) load relaxation test.

repeated until a natural crack is initiated. In case that the crack is initiated, the load decreases in spite of the con-
stant displacement. After this behavior is confirmed, the load is removed rapidly. The state of natural crack is ob-
served by the digital microscope during repeat of loading. The load for the pre-cracking is about 25N in the CDR
test and 30N in RLX test.

At first, the CDR test is conducted to obtain the fracture toughness Kj¢, using pre-cracked specimen. Bruce and
Koepke (1977) suggested that Kic must be measured on pre-cracked specimens during loading at crosshead speeds
high enough to initiate fast catastrophic crack growth. This test followed his method to measure Kic. In order to
remove the influence of impact load to the specimen and apply load on the loading point accurately, the specimen
is loaded to about 7N initially. Then the load is applied with a constant displacement rate until the specimen fail-
ures. The load shows the peak value P,,,. The fracture toughness and the crack velocity are calculated by this value,
according to eq. (7) and (8).

Secondly, the RLX test is conducted to obtain the relation between crack velocity and stress intensity factor. The
DT specimen with a guide groove is installed on the ball bearing on the lower plate and the guide groove is set up-
ward. At the beginning of the test, the natural crack is produced in the same manner of the CDR test. After that, the
initial compliance of a pre-cracked specimen is necessary to be evaluated before the RLX test. The specimen is
loaded up to about 16N at a slow speed. In this time, the load P and the vertical displacement u at a time is meas-
ured. From the relation of the two variables, the initial compliance A=du/dP can be obtained. Then the RLX test is
conducted subsequently.

The change in load and displacement during the RLX test is shown in Fig. 7. After applying load to about 15N
initially in the same manner of the CDR test, the specimen is loaded rapidly until displacement is arrived to the set-
up value so that no significant crack extension occurs prior to the relaxation. When a required load P; is reached,
the displacement is fixed. In this time, the load is relaxed as the crack propagates. Monitoring the load as a function
of time during about 2 hours, the stress intensity factor and the crack velocity are evaluated according to eq. (7) and
(9). In the test, the load P; was determined as the value corresponding to the stress intensity factor of 90% of the
fracture toughness obtained by the CDR test.

A controllable box is used in order to maintain temperature and relative humidity constant during the test. The
box is set around the loading part including specimen. The CDR test or RLX test are conducted after temperature
and relative humidity in the box are made to be constant.

4. Experimental Results

Uniaxial compression test

The conditions and results of uniaxial compression test for Kumamoto andesite are summarized in Table 1. The
strain rate is controlled to about 2.0x10?/s and the water vapor pressure in the chamber is between 4.2x10” and
1.2x10°Pa. The typical stress-strain curves are shown in Fig. 8. It is shown that uniaxial compressive strength is
higher with decreasing water vapor pressure. The axial strain curves show linear behavior from the start but the
slopes of the curves become non-linear as approaching to failure.
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Table 1. Conditions and results of uniaxial compression test.

in rat W ’ . s .

No. St(rla(;x_%/s) (J ater va(;;)(;r) pressure S(t;z;igh Youn% é 1;’::;)dulus Poisson’s ratio
1 1.98 1.2x10° 128.3 27.2 0.21

2 1.88 2.0x10? 153.0 29.3 022

3 241 9.0x10" 160.4 29.4 0.22

4 1.75 3.6x10° 174.6 35.8 0.24

5 2.33 9.0x10" 177.2 35.1 0.23

6 2.74 6.0x10"! 174.2 32.2 0.23

7 2.50 1.0x10™ 180.0 292 0.21

8 271 1.5x102 179.5 30.4 0.22

9 2.66 1.0x107 175.1 319 0.24

10 2.54 4.2x10° 190.2 34.9 0.24

Young’s modulus and Poisson’s ratio measured at 50% of the strength were measured as shown in Table 1. It is
considered that Young’s modulus and Poisson’s ratio are independent of water vapor pressure. Its average values
are 31.5GPa and 0.23 respectively.

The relation between the uniaxial compressive strength S, and the ratio of strain rate to water vapor pressure
£/ p is shown in Fig. 9. The plots are somewhat scattered but the strength S, increases as the ratio £/ p increases.
The linear regression equation of the plots is obtained as follows:

logS, = N_log(¢/ p)+logS., (10)
where S, is the uniaxial compressive strength when p = 1Pa and N, is the slope of the line. Compared eq. (10) with
eq. (5), N, is coincident with the term 1/(n+1). The stress corrosion index obtained from the uniaxial compression
test with a change in water vapor can be estimated 44.

Double torsion test

In the CDR tests, the displacement rate du/dt is adopted to 0.10 and 0.23mm/s. The maximum load is evaluated
with consideration of the weight of the upper plate placed on the specimen. These are constant and the average is
46.6N independent of the displacement rate.

The fracture toughness and crack velocity were calculated by eq. (7) and (8). Young’s modulus and Poisson’s ra-
tio were used from the results of the uniaxial compression test. As the displacement rate increases, the crack veloc-
ity increases. However, K¢ is constant and independent of the displacement rate. The average of fracture toughness
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Fig. 8. Stress-strain curves. Fig. 9. Relation between the strength and water vapor pressure
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372

in each specimen was 2.07MN/m””. For the calcu-
lation of the crack velocity, the factor ¢ in eq. (8) is ‘
set unity for the convenience of calculation in this 103
study.

Initial compliance A; of the pre-cracked specimen
was measured before the RLX test in order to esti-
mate the crack velocity. The initial compliance was
estimated from the slope of the regression curve in
a region of the load from 7N to 15N to obtain the
accurate data. The initial compliance was obtained )
2.11x10°m/N in average. 107 -

In the RLX tests, the required load was set about
80N and the displacement was fixed. Then the rate 2
of load relaxation dP/dt is calculated from the load 1.3
relaxation curve, as shown in Fig. 7. The determi-
nation of dP/dt to calculate crack velocity followed : .
the method suggested by Pletka et al. (1979). The Fig. 10. Relations between v and K.
data is obtained by measuring the time for a specific load decrement. Because that the minimum output from the
load cell used in this study is 0.04N, the slope of a least squares fit of the data for the load decrement of 0.2N for its
accuracy was adopted as the rate of load relaxation at that load. Then the stress intensity factor and the crack veloc-
ity based on eq. (7) and (9) are calculated using a program. The factor ¢ in eq. (9) is set unity for the convenience
of calculation in the same manner of the CDR test.

The relations between crack velocity and stress intensity factor for 4 specimens are shown in Fig. 10. All of the
data are plotted linearly. This relation can be expressed by eq. (6). The slope of the linear relation is correspon-
dence to stress corrosion index in double logarithmic coordinates. This value is almost the same in all 4 specimens.
The average value of stress corrosion index for DT test is 37. The conditions and results for RLX test are summa-
rized in Table 2.

The stress corrosion index of Kumamoto andesite was estimated in this research as follows: n is 44 in case of
uniaxial compression test with a change in water vapor and 37 in case of DT tests under a constant water vapor
pressure. These values were obtained, using specimens formed from one rock block. Stress corrosion indexes ob-
tained from uniaxial compression test and Brazilian test under various loading rates are 31 and 34 respectively, us-
ing specimens get from other blocks of Kumamoto andesite (Jeong, 2003). These values are similar regardless of
experimental method. Stress corrosion index for Kumamoto andesite is 40 in average. Putting these results together
it is concluded that stress corrosion index of rock is one of material constants of rock.

Crack velocity, m/s

.

14 1.5 1.6 1.7 1.8 1.9

Stress intensity factor, MN/m™”?

5. Conclusions

In order to investigate the stress corrosion index by the different methods and estimate the long-term strength by
stress corrosion, uniaxial compression test and DT test are conducted in water vapor environment using Kumamoto
andesite. The obtained results are as follows:

1. For uniaxial compression tests, the uniaxial compressive strength increases linearly as water vapor pressure
decreases on the double logarithmic coordinates and stress corrosion index obtained are 44.

2. For CDR tests, as the displacement rate of the loading point du/dt increases, the crack velocity increases.

However, the fracture toughness is constant regardless of the du/di and the average fracture toughness is
2.07MN/m*?,

Table 2. Conditions and results of relaxation test.

No T RH. p . Ai Stress corrosion index
: ") (%) (Pa) (10 m/N) n
R-1 10.9 43 561 2.08 38
R-2 10.9 44 574 2.07 39
R-3 10.9 44 574 2.13 36
R-4 10.9 43 561 2,13 33
Average 10.9 44 566 2.10 37
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3. For RLX tests, the resulting crack velocity—stress intensity factor curves are smooth and very nearly linear.
And average stress corrosion index obtained by least squares method is 37.

4. Comparing stress corrosion indexes for uniaxial compression tests and DT tests, it is considered that they are
in coincident regardless of experimental methods. Putting these results together, it is concluded that stress corrosion
index of rock is one of material constants of rock.
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