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Abstract

Information relating to the fracture toughness of geomaterials is critical to our understaing of

tensile fracturing, and in particular in geological and rock engineering projects that are

subjected to elevated moisture levels. In this study, we conducted a comprehensive set of

fracture toughness tests on a suite of key rock types in air under different relative humidities

and at constant temperature in order to investigate the influence of relative humidity on

fracture toughness. Three sandstones and two igneous rocks were chosen for this purpose. We

show that the value of fracture toughness decreases with increasing relative humidity. In

addition, we find that the decrease in fracture toughness was more significant when the

expansive clay such as smectite was included in rock. Since smectite is prone to expanding in

the presence of water, the strength and thus crack growth resistance decrease when relative

humidity is high. Therefore, we interpret the decreasing fracture toughness upon the

degradation of expansive clays with increasing water content. It was also shown that the

decrease of the fracture toughness with increasing humidity is less significant than the

concomitant decrease in the measured value of the subcritical stress intensity factor. This was

likely as a result of stress corrosion having little influence on the fracture toughness. We

conclude that crack growth in rock is affected by humidity, and that clay content is an

important contributing factor to changes in fracture toughness and subcritical stress intensity



factor.

Keywords: Fracture toughness, Subcritical crack growth, Double Torsion method, Relative

humidity, Clay



1. Introduction

In order to ensure the stability of all solids and structures, studies of fracturing is essential.

Several researchers have investigated the fracturing and failure of various solids (e.g.,

Atkinson, 1982, 1984; Atkinson and Meredith, 1987a, b; Biolzi and Labuz, 1993; Ayatollahi

and Aliha, 2006; Ayatollahi and Torabi, 2010). Quantifying fracturing and faulting in rock

masses is essential for our improved understanding in many geological phenomena such as

volcanic eruptions and earthquakes. Kilburn and Voight (1998) reported that time-dependent

fracturing of rock is related to the increase of seismicity detected prior to volcanic eruption. In

addition, information relating to rock fracture is also important in the engineered environment

(Jing, 2003). Such issues are of particular importance when dealing with longer term effects

such as the integrity of subsurface structures like repositories for radioactive waste, caverns

for the storage of liquid natural gas or liquid petroleum gas, and underground power plants.

Chau and Shao (2006) reported that time-dependent crack growth in rock played an important

role for the failure of rock panels on facade of buildings. Therefore, a number of

investigations related to time-dependent fracturing in rock have been conducted.

Subcritical crack growth (SCG) is one of the main causes of time-dependent fracturing in

rock (Atkinson, 1984; Atkinson and Meredith, 1987a; Dascalu et al., 2010), in addition it is

well known that the presence of water in greatly affects SCG. According to the results of Waza



et al. (1980), Sano and Kudo (1992) and Nara et al. (2009), the crack-tip velocity in water

saturated rock is much higher than that in air, and increased by 2-4 orders of magnitude. The

water vapour pressure is also known to exert an influence, with Meredith and Atkinson (1985)

and Nara and Kaneko (2005, 2006) both reporting and increase in crack velocity with

increasing water vapour pressure. More recently, Nara et al. (2010, 2011a) reported that the

crack velocity in air saturated rock increased with increasing relative humidity.

The influences of rock fabric on SCG have also been studied. Sano and Kudo (1992) and

Nara and Kaneko (2006) reported that the crack velocity in granite is anisotropic due to the

preferred orientation of microcracks. Nara et al. (2006) showed evidence that the geometry of

the crack path became smoother for cracks propagating parallel to the Rift plane; the preferred

plane of rupture caused by the preferred orientation of microcracks (Sano et al., 1992). Nara

et al. (2011a) reported that the influence of the relative humidity on the crack velocity in rock

was more significant when the rock included larger amount of clay minerals such as smectite

and illite.

It has been clarified that SCG in rock is affected not only by the applied stress intensity

factor but also by the environment and rock fabric. In order to better understand the fracturing

in rock, it is therefore necessary to investigate the fracture toughness of rock. All rocks

contain microcracks and microcavities (Sprunt and Brace, 1974; Nishiyama and Kusuda,

1994; Chen et al., 1999; Benson et al., 2006; Nara et al., 2011b). The influence of microcracks



on the fracture toughness has been investigated by numerous workers, for example Nasseri

and Mohanty (2008) and Nasseri et al. (2005, 2006, 2007, 2009, 2011). According to these

data results, the fracture toughness of granitic rocks is affected by the density and the length

of microcracks distributed parallel to the crack propagation direction, which was manifested

as anisotropy of fracture toughness (Nasseri et al., 2005, 2006, 2007, 2011). In addition,

Nasseri et al. (2009) reported that the fracture toughness of thermally cracked Westerly

granite decreases with increasing maximum temperature of thermal history and decreasing

P-wave velocity.

The environmental influence upon fracture toughness has been studied to data on a wide

variety of different rock types. Meredith and Atkinson (1985) reported the influence of

temperature on the fracture toughness of Westerly granite and Black gabbro recording an

increase in fracture toughness with increasing temperature up to 100 °C, as the advancing

macrocrack tip encountered isolated microcracks unfavourably oriented with respect to the

direction of macrocrack propagation. The thermally-induced microcracks thus behaved a

barrier of macrocrack propagation for granite and gabbro up to 100 °C (Meredith and

Atkinson, 1985). In contrast, Meredith and Atkinson reported that the fracture toughness of

granite and gabbro decreased with increasing temperature when above 100 °C, interpreted due

to the density and the length of microcracks in these rocks increasing due to thermal stress

and resulting in an acceleration of macrocrack propagation. Utagawa et al. (1999) measured



the fracture toughness of Shin-komatsu andesite, Inada granite and Kimachi sandstone in both

dry and wet conditions, and also reported data indicating a decrease in fracture toughness

when liquid water was present at the crack tip. Wang et al. (2007) reported that the fracture

toughness of clay decreased with increasing the water content. Al-Shayea et al. (2000)

measured fracture toughness of a Saudi Arabian limestone exhibiting an increase in the

fracture toughness with increasing the temperature up to 116 °C. Funatsu et al. (2004)

investigated the fracture toughness of Kimachi sandstone and Tage tuff, in the former case

measuring an almost constant fracture toughness up to 125 °C, and an increasing value

beyond approximately 125 °C (Funatsu et al., 2004). Finally, Zuo et al. (2009) measured the

fracture toughness of sandstone obtained at Pingdingshan (China), finding that the fracture

toughness increased exponentially with elevated temperature in the range of 25 to 150 °C, and

decreased exponentially from 150 to 300 °C.

In all of these studies, the key influences of microcracks, temperature, and presence (or not)

of water have been investigated. However, the influence of the humidity on the fracture

toughness of rock has yet to be fully explored. Fujii et al. (2011) reported that several large

rock falls occurred in humid summer in Kushiro Coal Mine in Japan due to the weakening of

rock by inflow of humid air. This report suggests that the investigation of the humidity effects

on fracture toughness of rock is important for ensuring the stability of structures in a rock

mass. In addition, it is important to compare the difference of the influence of environmental



conditions on the fracture toughness of rocks using a same fracture toughness testing protocol
in order to best compare these key data across rock and environment parameters.

In this study, we have therefore investigated the influence of relative humidity on the
fracture toughness of a suite of rocks (andesite, granite and three kinds of sandstone) using the
same experimental protocols. In particular, we place special attention to measurements of the
fracture toughness conducted in air by precisely controlling temperature and relative humidity
and at constant temperature. We relate the change of the fracture toughness to the stress

intensity factor for SCG.



2. Rock samples

All rock samples used in this study were manufactured from single blocks of Kumamoto

andesite (KA), Oshima granite (OG), Berea sandstone (BS), Shirahama sandstone (SS) and

Kushiro sandstone (KS). These were manufactured from the same blocks used in the previous

studies (Nara and Kaneko, 2005, 2006; Nara et al., 2010, 2011a), where the petrological

details of these rocks are provided.

In Table 1, P-wave velocities of rock samples under dry conditions are listed. P-wave

velocities were measured by the ultrasonic transmission method in three orthogonal

directions, axes-1, -2 and -3 in the order of increasing velocity. For sandstones and OG, axis-3

is normal to the bedding plane and Rift plane, respectively. The axis-1 of granite is normal to

the Hardway plane. From Table 1, it is clear that OG has relatively high degree of anisotropy

in its P-wave velocity, whereas the other rocks are relatively isotropic.

We therefore treat KA and the sandstone samples were treated as isotropic materials; OG

was treated as an orthorhombic material based on previous data (Sano and Kudo, 1992; Nara

and Kaneko, 2006). In this study, we found that cracks propagated normal to the Hardway

plane, but parallel to the Rift plane in the OG sample. Therefore, the crack opening direction

and propagation direction are defined as parallel to the axis-1 and axis-3 respectively.



3. Methods

3.1 Outline

In this study, the Double Torsion (DT) method was employed. The specimen and loading

configuration of DT method is shown in Fig. 1, as well as the principal axes of symmetry for

the orthorhombic OG. The loading direction shown in Fig. 1 is parallel to the principal axes if

orthorhombic material is used.

In general, three different types of test can be conducted with the DT arrangement, each

using different loading conditions: the constant load (CL) method (Kies and Clark, 1969), the

constant displacement rate (CDR) method (Evans, 1972), and the load relaxation (RLX)

method (Evans, 1972; Williams and Evans, 1973). We used the DT-CDR method in order to

measure the fracture toughness and compare the results to those of SCG reported by Nara et

al. (2010, 2011a).

In the DT-CDR method, the displacement rate of the loading points has to be kept constant

during the experiment. To ensure this criterion is met, the displacement rate of the loading

points should be large (Shyam and Lara-Curzio, 2006); this is especially important for

applying this particular method to the calculation of fracture toughness. Finally, the maximum

value of applied load at failure is used to calculate fracture toughness via the following



equations:

3A+v)
K, =P 1
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where Eqg. 1 is the equation for isotropic materials (Williams and Evans, 1973), and Eq. 2 is
the equation for orthorhombic materials (Sano and Kudo, 1992) in the case that the crack
opening direction and propagation direction are parallel to the axis-1 and axis-3 respectively.
Kic is the fracture toughness, Pnax is the maximum value of the applied load, wy, is the
moment arm (18 mm for igneous rock and 23 mm for sandstones was used here), vis
Poisson’s ratio of isotropic material, W is the width of the specimen, d is the thickness of the
specimen, d, is the reduced thickness of the specimen, and s;; (i, j = 1, 3 or 5) is the elastic
compliance of the orthorhombic material.

Crack velocity is estimated with the following equations:

da wWd3G d
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where Eqg. 3 is the equation for isotropic materials (Williams and Evans, 1973) and Eq. 4 is

the equation for orthorhombic materials (Sano and Kudo, 1992) in the case that the crack

opening direction and propagation direction are parallel to the axis-1 and axis-3 respectively.

da/dt is the crack velocity, G is the shear modulus, dy/dt is the displacement rate of the



loading points, and ¢ is a constant depending on the shape of the crack front. In this study, ¢
is set as 0.2 according to the observation of Williams and Evans (1973) for glass and
Atkinson (1979a) for quartz.

In order to evaluate the fracture toughness and the crack velocity, we used the same values
of the isotropic elastic moduli (G and v) for KA, BS, SS and KS as those used in the earlier
work of Nara et al. (2010, 2011a), and the orthorhombic elastic moduli (s; (i, j = 1, 3 or 5)) as
obtained by Nara and Kaneko (2006), respectively.

However, it is important to note that Eqgs. 1-4 are approximate solutions based on a
thin-plate assumption considering no thermal and hydro-mechanical phenomena (Williams
and Evans, 1973; Sano and Kudo, 1992). In this case, according to experiments by Evans et
al. (1974) and Atkinson (1979b), the thickness and width of the DT specimen have to satisfy
the following condition:

12d<w ()
In addition, Ciccotti (2000) and Ciccotti et al. (2000a) derived a corrective factor relating the
specimen compliance to the (non-linear) crack length in a DT specimen using a finite element
analysis. Based on their results, a thicker specimen (W : d =8 : 1) was shown to provide a
robust solution (Ciccotti et al., 2000b, 2001). Sano (1988) went on to show that the
proportional relation between the compliance and crack length in a DT specimen of glass and

rocks is invariant, and therefore proved that the stress intensity factor of DT method is



independent of the crack length.

In Table 2, we summarise the width and thickness of DT specimens used in this study as

well as the length L and reduced thickness d,. It is clear that the values of the width and

thickness satisfy the conditions suggested in previous studies.

3.2 Experimental apparatus and sample conditions

A schematic illustration of the apparatus used in this study is shown in Fig. 2. This

apparatus consists of a speed-control (stepping) motor that drives the loading axis moving

perpendicular to the DT specimen. The maximum velocity of the loading axis is 0.23 mm/s.

This apparatus is housed in a temperature and humidity controlled room, ranging from

278-353 K and 40-90 %, respectively.

The applied load is measured by a load cell with an accuracy of £0.04 N. Displacement of

the load-points is measured by two linear variable displacement transformers (LVDTs) with

the accuracy of £0.5 pm.

In order to investigate the influence of the relative humidity, measurements were conducted

under either (a), low humidity (289-295 K, 16-29 %), (b), intermediate humidity (293 K,

54-56 %) or (c), high humidity (293 K, 83-89 %) conditions. Unfortunately, however, it was



found to be impossible to achieve the low humidity conditions sought as well as controlling
the temperature and the relative humidity because of a limitation of the controllable range.
The low humidity condition was therefore achieved via the ambient (measured but not

controlled) conditions found in the laboratory in winter.

3.3 Experimental procedure

Firstly, samples are pre-cracked in order to introduce a small starting crack into the
specimen with the following method. Displacement is provided by the loading ram in 4 um
increments, each time pausing to allow the surface of the specimen to be observed using the
digital microscope set under the specimen to measure crack length. We repeated this
procedure until the crack length reached 25 mm for igneous rock samples and 30 mm for
sandstone samples; these are the minimum length conditions required in which the stress
intensity factor is independent of the crack length for a DT specimen as found by Trantina
(1977):

0.55W <a<L—0.65W (6)

After the pre-cracking stage, the apparatus and specimen were exposed to the

environmental condition of interest with the same temperature and relative humidity for



approximately 20 hours. Following this period, a fracture toughness measurement with

DT-CDR method was performed using by applying a load at a displacement rate of 0.23

mm/s, which is the maximum rate of our apparatus, and after applying a small amount of

pre-load around 10 N for igneous rock samples and less than 10 N for sandstone samples.

Previous work has demonstrated an influence of measured stress intensity factor with loading

rate when employing the DT-CDR method, with the use of a high displacement rates (above

approximately 0.07 mm/s) mitigating this effect (Selcuk and Atkinson, 2000).



4. Results

Raw data from the 5 tests are presented in the form of load vs. time plots in Fig. 3. In each

case the load increases rapidly over a period of 2-7 seconds. In the case of Kumamoto

andesite (KA), the force increases very rapidly over just 2 seconds reaching a peak of ~75N

(Fig. 3a). For Oshima granite (Fig. 3b) the rise in force is slightly slower, reaching ~80N in

~3s. The sandstone experiments, there is a noticeably slower rise to peak force of ~4.5s, ~7s,

and ~5s for BS, SS and KS respectively, and a lower peak force at failure of 17N, 22N, and

41N respectively, reflecting the different elastic properties of the materials in question. The

value of force at peak stress is then used to calculate the fracture toughness via Eq. 1 or, in the

case of OG, Eq. 2.

These fracture toughness data for each rock type are plotted in Fig. 4, as a function of

relative humidity. In all cases a decrease in K c with increasing relative humidity is measured.

For KA and OG, a large scatter is evident in the data, with successive measurements also

showing some variation. Nonetheless a statistically significant decrease in fracture toughness

is measured (Fig 4a. and Fig. 4b). For three sandstones, the reproducibility of K,c

measurements is excellent, with tight clustering of the repeated data points. A very clear

decrease in fracture toughness is measured for each sandstone (Figs. 4c, d, €). In addition the

rate of decrease of K¢ as relative humidity varies from 0-100% also increases from BS (0.1



MN/m*?), through SS (0.45 MN/m*?) to KS, which shows the greatest decrease of 0.5
MN/m*? over the same range, likely related to the different rock microstructures involved.

In Table 3, we summarize the results of the fracture toughness measurements, showing
values of average and standard deviation from each of 2-3 measurements at each relative
humidity and each rocky type. It is clear that the average fracture toughness tends to be lower
at elevated relative humidity. The crack velocity for fracture toughness measurement was

101-10 m/s in all measurements.



5. Discussion

5.1 The Double Torsion method as a fracture toughness measurement

As the DT method is not traditionally a standard method for fracture toughness

measurement of rock (International Society for Rock Mechanics, 1988, 1995), it is instructive

to explore the reliability of data obtained by this method for fracture toughness.

The DT method has been used for the measurement of subcritical crack growth. For the

deformation of glass in air, SCG is divided into three key regions with respect to the

difference in mechanism which controls the crack velocity (Fig. 5). In Region-I, the crack

velocity is controlled by the rate of stress corrosion which is the chemical reaction between

the siloxane bond and a reactive agent (water in this case) at the crack tip under tension

(Anderson and Grew, 1977). In Region-11, the crack velocity is controlled by the rate of

transport of the reactive agent to the crack tip (Lawn, 1975). In Region-I1l, the crack

propagation is relatively insensitive to the chemical environment and occurs mechanically

(Wiederhorn et al., 1974). This is illustrated in Fig. 5, showing the classic tri-modal behaviour

of the K,-da/dt relation (between the crack velocity and stress intensity factor) for SCG (after

Atkinson and Meredith (1987a)) and the K;-da/dt relation of soda-lime glass obtained

experimentally. Ki-da/dt relations, shown in Fig. 5b, were obtained by the DT-RLX method. It



is therefore possible to estimate the fracture toughness if three regions are observed clearly as
shown in Fig. 5b.

In the case of rocks used in this study, however, it was not possible to observe the three
regions of SCG (Nara and Kaneko, 2005, 2006; Nara et al., 2010, 2011a). Often, only
Region-1 behaviour is observed for rock (Atkinson, 1984; Atkinson and Meredith, 1987a).
Therefore, it is necessary to use an alternative approach to measure the fracture toughness of
rock. In this study, we chose the DT-CDR method as a solution to this requirement, applying
it to the measurement of fracture toughness via Egs. 1 and 2. This approach has been
previously applied by Atkinson (1979b), Meredith (1983) and Meredith and Atkinson (1985)
who applied the DT-CDR method using displacement rates of approximately 20 mm/min
(around 0.33 mm/s) (Atkinson, 1979b; Meredith, 1983) and 10 mm/min (around 0.17 mm/s)
(Meredith, 1983; Meredith and Atkinson, 1985), respectively. These displacement rates are
higher than that mentioned by Selcuk and Atkinson (2000) (0.07 mm/s, see Section 3.3).
Meredith (1983) reported that the fracture toughness values obtained by DT-CDR method
agreed well with those obtained by the short-rod method which is the standard method for
fracture toughness measurement of rock (International Society for Rock Mechanics, 1988).

Even though the values of the crack velocity were not provided in Atkinson (1979b),
Meredith (1983) and Meredith and Atkinson (1985), it is possible to calculate the crack

velocity using Egs. 1 and 3 with the specimen size, elastic constants, displacement rate and



the fracture toughness. Here, we evaluate the crack velocity for Tennessee sandstone
(Atkinson, 1979b) and Westerly granite (Meredith and Atkinson, 1985). For Tennessee
sandstone, the displacement rate and the fracture toughness are 0.33 mm/s and 0.45 MN/m*?,
respectively (Atkinson, 1979b); for Westerly granite, the displacement rate and the fracture
toughness are 0.17 mm/s and 1.8 MN/m*?, respectively (Meredith and Atkinson, 1985). A
crack velocity of 6 x 10 m/s is calculated for both Tennessee sandstone and Westerly granite.

Therefore, even though the crack velocities in this study (see Table 3) were calculated from
experiments made at a higher displacement rate (0.23 mm/s), they agree well with the
calculated velocity above. Furthermore, this velocity is likely high enough to assume that the
crack velocity corresponds to the fracture toughness of rock. We thus consider that the

measurement with DT-CDR method in this study provided the appropriate value of the

fracture toughness of rock.

5.2 Influence of humidity on stress intensity factor

As shown in Fig. 4, the fracture toughness undergoes a noticeable decrease with increasing

relative humidity. Whilst the decreases were very prominent for SS and KS, the general

decrease was measured for all rock types studied.



Although a detailed microstructural and compositional study is beyond the scope of this

paper, it is likely that the different compositions in the rocks chosen have a significant effect

on the change of K\.. Nara et al. (2010) suggested that for igneous rock types the increase of

the humidity also brings about an increase in the presence of condensed water by the capillary

condensation of water vapour around the crack tips, and thus induces a reduction in the crack

growth resistance. It is likely that other rock types that contain few clay minerals (such as

Berea sandstone) would be similarly affected (Nara et al., 2011a). The aperture of the crack

close to the crack tip is very small. It is therefore possible that the water vapour turns to liquid

water by capillary condensation in this zone, and that the crack path close to the crack tip is

therefore immersed in liquid water. Since suction therefore occurs between the crack planes

by liquid bridging if the crack is immersed in a liquid (Thomson, 1871), compressive stress

acts around the crack tip. This suction will decrease with increasing radius of curvature of the

condensed liquid. Increase in relative humidity will lead to an increase in the volume of

condensed water present. In this case, the radius of curvature of the liquid water will increase

as the aperture of the crack increases. The Young-Laplace equation describes the capillary

pressure difference sustained across the interface between two static fluids such as water and

air. By using this equation, it is possible to approximate the compressive stress around the

crack tip. If the aperture of the crack is 2r, the Young-Laplace equation is expressed as

follows (Schulze, 1984):



p=0s (7)
where P¢ is the pressure due to the capillary condensation, that is, the compressive stress
around the crack tip, and ys is the surface tension of water, which is 73x10°N/m. In the
images of the crack paths in granite obtained with the Electron Prove Micro Analyzer by Nara
et al. (2006), the least aperture of the crack is less than 10 nm. For example, assuming that r =
5 or 10 [nm], the compressive stress around the crack tip is 14.6 MPa or 7.3 MPa,
respectively. These values are similar to the tensile strength of rocks. If the value of r is
smaller than those above, the compressive stress around the crack tip increases. Considering
the value of the compressive stress extimated above, the influence of the compressive stress
around the crack tip due to the capillary condensation should be significant.

For sandstones containing smectite, it has additionally been hypothesised that the increase
of humidity causes a weakening of smectite, resulting in decreased crack growth resistance
(Nara et al., 2011a). Finally, we suggest that increased internal tensile stresses occur due to
the expansion of smectite at elevated humidity levels, resulting in the water content of
smectite also increasing.

The similar tendency was observed for SCG (Nara et al., 2010, 2011a), whereby the stress
intensity factor for the same crack velocity also decreased with increasing relative humidity. It
is therefore important to accurately compare and contrast the changes in fracture toughness to

that of the stress intensity factor for the same response as measured in SCG. In Fig. 6, this



exercise has been performed, illustrating that the relation between fracture toughness and
stress intensity factor is highly dynamic; to better visualise this relationship, the changes have
been normalized by the data collected under the lowest humidity conditions to better show the
effect of the increase in relative humidity. In this figure, solid symbols indicate the fracture
toughness (K\c) and open symbols indicate the stress intensity factor for SCG at the crack
velocity of 10° m/s (K,(10®)) obtained by Nara et al. (2010, 2011a).

From Fig. 6, it is clear that the decrease of K. and K;(10”) for SS and KS are more
significant than those of KA, OG and BS. It is already established that SS and KS contain
smectite. Furthermore, it has previously been shown that if the content of water in smectite
increases, the basal spacing increases (Sato et al., 1992), and the strength of sandstone
containing smectite decreases (Young et al., 2009). According to the observation of Sato et al.
(1992), the basal spacing of smectite at 90% of the relative humidity was around 1.2 ~ 1.6
times larger than those at 20% of relative humidity. Since the water content of rock increases
under high humidity conditions, we hypothesise that the bulk of the decrease in crack growth
resistance is due to the presence of smectite.

Finally, we note that the decrease of K. tends to be smaller than that of K,(10°°) for all
rocks measured (Fig. 6). During SCG, stress corrosion is one of the main mechanisms
(Anderson and Grew, 1977; Atkinson, 1984; Atkinson and Meredith, 1987a). Conversely,

stress corrosion has few significant effects on the crack propagation at the crack velocity



occurring during the fracture toughness measurements. Therefore, we hypothesise that

K(10™°) decreased more obviously than K. because of the influence of stress corrosion.

5.3 K|-da/dt relation for subcritical crack growth normalized by K.

Generally, the K;-da/dt relation for SCG is expressed as follows (Charles, 1958;

Wiederhorn and Bolz, 1970):

da —Eij

o i 8
ar exP[ RT ®)
da ~E* +bK1j

&ae el | 9
a ° ( RT ©)

where E* is the stress-free activation energy, R is the gas constant, T is the absolute
temperature, and others are constants determined experimentally. Especially, n is called
subcritical crack growth index (Atkinson, 1984; Atkinson and Meredith, 1987a).

Nara et al. (2010, 2011a) considered that the stress-free activation energy was affected by
the change of the humidity due to the effect of condensed water around the crack tip by
capillary condensation. If chemical reactions, such as stress corrosion, do not act during the
crack propagation, the energy required for the crack propagation should be equal or greater
than the fracture toughness. Therefore, the stress-free activation energy is directly related to

the fracture toughness. Based on this theory, it is likely that K;-da/dt relations for SCG



obtained under different environmental conditions should agree with each other if they are

normalized by the fracture toughness K;c. This normalisation process is presented in Fig. 7

(K/Kc-da/dt). In the case of KA, OG and BS, we note that the K//K.-da/dt relations are

distributed in similar positions of K\/K|c even though each relation was obtained under

different humidity conditions. The K\/K.-da/dt relation for KA is in particularly good

agreement. On the other hand, the agreement of K,/K.-da/dt relations for SS and KS are poor.

For SS, the K\/K\-da/dt relation obtained under the high humidity conditions is shown in the

region of lower stress intensity factor; likewise in the case of KS, the K\/Kc-da/dt relationship

obtained under the intermediate and high humidity conditions are also shown in this region.

It is therefore clarified that the K\/K.-da/dt relations provide evidence that rocks containing

only a small proportion of clay minerals under different humidities are broadly in agreement

in terms of their stress intensity factor. In addition, we analyse the proportion of clays

contained in rock, noting that this affects the disagreement of K,/K.-da/dt relations under

different humidities. Since the reason of disagreement is currently not fully understood,

additional experiments on tensile fracturing in rocks of differing, well characterised, clay

contents and under different humidities will be necessary, and is the subject of future research.

In Egs. 8 and 9, it would be necessary to include some components considering the

mechanical influences such as the repulsive force due to the capillary condensation and the

fracture resistance change in expansive clays into account. If we can consider the mechanical



influences of the relative humidity in the evaluation of the crack velocity and stress intensity
factor, better understanding of the fracturing of rock is possible, and we can ensure the
stability of structures in a rock mass. In order to complete this work, we need more results in

other rock types. This will also be the future subject.



6. Conclusions

We have investigated the influence of the relative humidity on the fracture toughness of a

suite of five rocks using the Double Torsion method. We find that the fracture toughness of

rocks decreases in the presence of high relative humidity. This tendency was much more

obvious when the rocks included expansive clays such as smectite. The decrease of the

fracture toughness with increasing humidity was, however, smaller than that of the stress

intensity factor for subcritical crack growth, because stress corrosion has little influence on

the fracturing at the fracture toughness.

This study reveals a significant influence of the relative humidity and the existence of

expansive clays in porous rocks. As a consequence, the resistance of fracturing in rock

decreases when the relative humidity is high; this has application to a wide range of applied

geoscience issues such as the deep geological disposal of radioactive waste requiring a long

terms natural rock cavern. For retarding fracturing in rock and making sure the stability of

structures in a rock mass, it is thus effective to control the relative humidity of surrounding

environment.
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Figure captions

Fig. 1 Schematic illustration of Double Torsion specimen and loading configuration. The

loading forces are shown by four thick arrows.

Fig. 2 Experimental apparatus for fracture toughness measurement.

Fig. 3 Temporal changes of applied load for constant displacement rate experiments of

Double Torsion method. (a): Kumamoto andesite, (b): Oshima granite, (c): Berea

sandstone, (d): Shirahama sandstone, (e): Kushiro sandstone.

Fig. 4 Relations between fracture toughness and relative humidity. (a): Kumamoto

andesite, (b): Oshima granite, (c): Berea sandstone, (d): Shirahama sandstone, (e):

Kushiro sandstone.

Fig. 5 Relations between crack velocity and stress intensity factor for subcritical crack

growth in glass in air. Kq is the subcritical crack growth limit.  (a): Schematic diagram

(after Atkinson and Meredith (1987a)), (b): Relations obtained experimentally for

soda-lime glass.



Fig. 6 Changes of fracture toughness and stress intensity factor for subcritical crack growth
with increasing relative humidity. The values of stress intensity factors and relative

humidity are normalized by the values for the low humidity condition.

Fig. 7 Relations between crack velocity and stress intensity factor normalized by fracture

toughness. (a): Kumamoto andesite, (b): Oshima granite, (c): Berea sandstone, (d):

Shirahama sandstone, (e): Kushiro sandstone.



Tables

Table 1 P-wave velocities in rock samples in dry condition.

P-wave velocities [km/s]

Rock samples

axis-1 axis-2 axis-3
Kumamoto andesite 4.8 4.8 4.8
Oshima granite 4.9 4.6 4.5
Berea sandstone 2.3 2.3 2.2
Shirahama sandstone 2.9 2.8 2.6
Kushiro sandstone 2.9 2.7 2.7

Table 2 Size of Double Torsion specimen.

Width Thickness Length Reduced thickness
Rock samples

[mm] [mm] [mm] [mm]
Kumamoto andesite 45.0 3.0 150 2.0
Oshima granite 45.0 3.0 150-170 2.0
Berea sandstone 55.0 3.5 145 2.5
Shirahama sandstone 55.0 3.5 145 2.5

Kushiro sandstone 55.0 4.0 145 3.0




Table 3 Summary of the results of fracture toughness measurements.

Relative Fracture
Rock Temperature Crack velocity
humidity toughness
samples [K] [m/s]
[%] [MN/m*?]
293 85-87 1.66+0.05 (4.92+0.13)x10
Kumamoto
293 54 1.83+0.21 (4.48+0.51)x107
andesite
289-290 22-23 1.91+0.03 (4.25+0.07)x107
Oshima 293 83-85 2.06+0.06 (1.22+0.11)x10°
granite 293-294 27-29 2.14+0.09 (1.14+0.04)x10
293 86-88 0.30+0.01 (6.91+0.23)x10
Berea
293 54-55 0.33+0.01 (6.35+0.08)x107
sandstone
293 16-17 0.36+0.01 (5.67+0.06)x10
293 88-89 0.39+0.02 (3.90+0.20)x1072
Shirahama
293 54-56 0.48+0.02 (3.17+0.14)x107
sandstone
293-294 16 0.73+0.01 (2.08+0.03)x107
293 84-86 0.60+0.02 (1.61+0.06)x107
Kushiro
293 55-56 0.75+0.02 (1.28+0.03)x107
sandstone
292-295 23-27 0.89+0.07 (1.07+0.08)x10
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