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Abstract 

 

High-strength and ultra low-permeability concrete (HSULPC) is a strong 

candidate for a radioactive waste package containing transuranic radionuclides 

(TRU waste) for geological disposal. Knowledge of the time-dependent fracturing 

of HSULPC and surrounding rock mass is essential to assess the long-term 

stability of such underground repositories. We have measured crack velocity in 

andesite and HSULPC both in air and water to examine subcritical crack growth 

by the Double-Torsion method. In air, the crack velocity in andesite increased 

when the temperature and relative humidity increased. On the other hand, the 

temperature and relative humidity had little effect on the crack velocity in 

HSULPC in air. In water, the crack velocity increased when the temperature was 

higher for both andesite and HSULPC. Using these experimental results, the long-

term strength was estimated. It was shown that the long-term strength of HSULPC 

was higher than that of andesite. In air, the long-term strength for andesite was 

affected by the temperature and relative humidity. The long-term strength for 

andesite decreased when the temperature or relative humidity increased. For 

HSULPC, the change of the long-term strength with varying temperature or 

relative humidity was smaller than andesite in air. In water, the long-term strength 

for both materials decreased with increasing the temperature. Comparing the long-

term strength of andesite and HSULPC at the same environmental conditions, it 

was recognized that the decrease of the long-term strength of HSULPC is smaller 

than that of andesite. The long-term strength in water was smaller than that in air 

for both materials. 

 

Key words: Subcritical Crack Growth, Long-Term Strength, Double-Torsion 

Method, Andesite, High-Strength and Ultra Low-Permeability 

Concrete, Environmental Dependence 
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1. Introduction 

 

Recent civil engineering projects have used underground rock mass as, for 

example, repositories for radioactive wastes, underground power plants or caverns 

for storing liquid natural gas (LNG) or liquid petroleum gas (LPG). Long-term 

stability is required for these structures. In the construction of structures in rock 

mass, estimates of the long-term strength or time-to-failure are necessary. Since 

knowledge of the time-dependent fracturing of rock is essential to evaluate the 

long-term strength or time-to-failure, the investigation of time-dependent 

fracturing of rock is necessary. Therefore, the investigation of time-dependent 

crack growth has been extensively conducted to estimate the long-term strength 

and time-to-failure (Wilkins 1980; Lajtai and Schmidtke 1986; Miura et al. 2003; 

Jeong et al. 2003a, 2007). 

For geological disposal of radioactive wastes, the intensity of radioactivity of 

radionuclides can be reduced by engineered barriers such as bentonite buffer and 

by natural barriers such as a rock mass. If the repository of radioactive wastes is 

located in an area where the hydraulic gradient and the permeability are high, the 

retardation of migration of radionuclides by these barriers may not be enough. 

Therefore, the influences of nuclides with low adsorption, such as I-129 and C-14, 

will be large. In order to retard the migration, several alternative concepts of 

radioactive waste packages are being developed (Owada et al. 2005). It is planned 

that high-strength and ultra low-permeability concrete (HSULPC) will be used for 

a radioactive waste package for the geological disposal of transuranic 

radionuclides (TRU waste) (Kawasaki et al. 2005; Owada et al. 2005; Shibuya et 

al. 2005). Fig. 1 shows a schematic illustration of this alternative concept using 

HSULPC. The aim of this scheme is to confine radionuclide, especially C-14, for 

a long term. It is supposed that C-14 is confined for 60000 years, which 

corresponds to 10 times of the half-life of C-14. If a crack nucleates and 

propagates in HSULPC, however, the confining ability of the package can decline 

after crack growth for the long term even though the crack velocity is low. 

Therefore, research on time-dependent fracturing of HSULPC is important for 

radioactive waste disposal. 

Classical fracture mechanics postulates that a crack propagates rapidly once the 

critical stress intensity factor (fracture toughness) has been reached. The crack can 
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advance slowly even when the stress intensity factor is lower than the critical 

stress intensity factor. This phenomenon is called “subcritical crack growth” 

(Atkinson 1984; Atkinson and Meredith 1987a; Salganik et al. 1997), which is 

one of the main causes of time-dependent behaviour. In rock, a thermally 

activated chemical reaction between the siloxane bond and water has been 

considered one of the main mechanisms of subcritical crack growth (Atkinson and 

Meredith 1987a). Therefore, it is worth investigating the effect of the temperature, 

humidity or water on subcritical crack growth. In HSULPC, the mechanism of 

subcritical crack growth is unknown. Ishijima et al. (2008) noted the possibility of 

temperature and humidity changes in the underground. Additionally, water may 

reach the package. Therefore, it is important to investigate the effects of 

temperature, relative humidity and water on subcritical crack growth in HSULPC. 

The Double-Torsion (DT) method (Evans 1972) is one of the typical methods 

of fracture mechanics to measure subcritical crack growth. For the DT method, 

the stress intensity factor is independent of the crack length. Therefore, the DT 

method is convenient for opaque materials such as rock and has been used by 

many researchers (Atkinson and Meredith 1987b; Nara 2007). The DT method is 

also considered to be convenient for cementitious material and has been used in 

several studies: for example, on cement paste (Mindess and Nadeau 1974; Nadeau 

et al. 1974; Beaudoin 1985), portland cement mortar (Wecharatana and Shah 

1980), calcium silicate hydrate (Beaudoin et al. 1998), and the mixture of calcium 

silicate hydrate and calcium hydroxide (Beaudoin et al. 1998). For HSULPC, 

however, subcritical crack growth has never been studied and the DT method has 

not used either. 

In the case of both rock and HSULPC, it is important to decide the 

experimental procedure and the loading condition for the DT method (Nara and 

Kaneko, 2005, 2006). Then, we measure subcritical crack growth in HSULPC and 

consider the crack growth mechanism. 

In this study, subcritical crack growth in rock and HSULPC was investigated. 

Mainly, the relations between crack velocity and stress intensity factor were 

investigated experimentally. Specifically, the effects of temperature, relative 

humidity and water were investigated. By using the results of subcritical crack 

growth measurements, the long-term strength of rock and HSULPC was 

estimated. 
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2. Samples 

 

2.1. Rock sample 

 

Kumamoto andesite was used as a rock sample in this study. The quarry of 

Kumamoto andesite is in Kumamoto prefecture, Southwest Japan. Kumamoto 

andesite is porphyritic, and consists of plagioclase (50 ~ 60 %), hornblende (2 ~ 3 

%), augite (2 ~ 3 %) as phenocrysts and fine-grained groundmass. Some 

phenocrysts of 1~2 mm in length were distributed in the groundmass. There was 

no preferred orientation of the crystal axis for the phenocryst and pore shape 

(Jeong et al. 2003b, 2007). 

The porosity of this rock measured by water saturation was 7 %. 

P-wave velocities in three orthogonal directions were 4.8 km/s (Nara and 

Kaneko 2005). Therefore, this rock is considered isotropic. 

The uniaxial compressive strength was 151 MPa. The Young’s modulus and 

Poisson’s ratio determined from the tangential line of the stress-strain curve at the 

point of 50 % of the uniaxial compressive strength were 31.9 GPa and 0.27, 

respectively. Therefore, the shear modulus was determined 12.6 GPa. The 

Brazilian tensile strength measured by Jeong et al. (2003a) was 9.5 MPa. 

 

 

2.2. Cementitious sample 

 

As mentioned before, HSULPC was used as a sample of cementitious material. 

In Table 1, the composition of HSULPC is shown. After placing concrete in a 

mold and being kept for 2 days in air at a temperature of 293 K, HSULPC cured 

under the condition of steam curing at a temperature of 363 K for 2 days. This 

curing procedure is different from the curing for usual cementitious material 

which reaches its final strength after curing for 28 days. This curing is used in 

order that HSULPC reached its final strength much earlier than usual cementitious 

material. The final strength was achieved just after the steam curing and kept 

constant. All of specimens of HSULPC were used in several months after curing. 
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The porosity of HSULPC measured by mercury porosimetry was 5 % 

(Kawasaki et al. 2005). The water permeability coefficient was 4×10
-19

 m/s 

(Kawasaki et al. 2005). 

P-wave velocities in three orthogonal directions were 5.0 km/s. Therefore, this 

material is also considered isotropic. 

The uniaxial compressive strength was 203 MPa. The Young’s modulus and 

Poisson’s ratio determined from the stress-strain curve under uniaxial 

compression were 50.9 GPa and 0.20, respectively. Therefore, the shear modulus 

was determined 21.2 GPa. The Brazilian tensile strength was 10.9 MPa. 
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3. Methodology 

 

3.1. Experimental method 

 

The DT method was adopted in this study. The geometry of the specimen and 

the loading configuration of the DT method are shown in Fig. 2. As shown in this 

figure, the specimen is a rectangular plate that often includes a guide groove to 

control the path of the crack propagation in the central part of the specimen (Raju 

1981). According to Pletka et al. (1979), the scattering of experimental results 

were smaller when the specimen had the guide groove only on upper or lower 

side. Considering the report of Pletka et al., we put the groove on the upper side. 

In Fig. 2, four thick arrows show the loading forces which are applied at the end 

of the specimen. 

The DT method includes three different testing methods, each of which 

possesses a different loading procedure. Kies and Clark (1969) introduced the 

constant load (CL) method for the original DT method. Two other methods, 

constant displacement rate (CDR) method and load relaxation (RLX) method 

were introduced by Evans (1972). In the RLX method, the displacement of the 

loading point is kept constant during the experiment and the load relaxation due to 

crack propagation is measured. Because the stress intensity factor is a function of 

the load and the crack velocity is a function of the temporal load and decreasing 

rate of the load, the relation between the stress intensity factor and the crack 

velocity can be obtained over a wide range of loads using a single experimental 

run. For this reason, the RLX method was adopted to measure subcritical crack 

growth in this study. 

For isotropic materials, the stress intensity factor, KI, and crack velocity, da/dt, 

are expressed as follows (Evans 1973; Williams and Evans 1973): 

I m 3

n

3(1 )
K Pw

Wd d


            (1) 

3

i i
c 2 2

m

d d

d 3 d

S Pa Wd G P

t w P t
         (2) 

where P is the applied load, wm is the moment arm (18 mm in this study), ν is 

Poisson’s ratio, W is the width of the specimen, d is the thickness of the specimen, 

dn is the reduced thickness of the specimen, Pi is the initial value of the applied 
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load, Si is the compliance of the specimen at the initial crack length ai, dP/dt is the 

load relaxation rate, and G is the shear modulus (Williams and Evans 1973). φc is 

a constant that is dependent on the shape of the crack front. Experiments using 

glass (Williams and Evans 1973) and quartz (Atkinson 1979a) suggested that φc = 

0.2. 

It is important to consider the applicability of Eqs. (1) and (2), because these 

are approximate solutions based on a thin-plate assumption (Williams and Evans 

1973). The size of the DT specimen has to satisfy the condition as follows (Evans 

et al. 1974; Atkinson 1979b; Pletka et al. 1979): 

12 / 2d W L                 (3) 

where L is the length of the specimen. 

According to the finite element analysis by Trantina (1977), the stress intensity 

factor is independent of the crack length over the next range: 

0.55 0.65W a L W   .        (4) 

Ciccotti and his co-workers have reported an analytical approach to DT RLX 

method using finite element analysis (Ciccotti 2000; Ciccotti et al. 2000a, 2000b, 

2001). They expressed the corrective factor of the specimen compliance to 

consider the non-linear terms of the dependence of the compliance on the crack 

length in a DT specimen (Ciccotti 2000; Ciccotti et al. 2000a). Additionally, 

based on their results, they used thicker specimens (W : d = 8 : 1) than those 

recommended by Evans et al. (1974) or Atkinson (1979b) (Ciccotti et al. 2000b, 

2001). Recently, Madjoubi et al. (2007) reported that the applicability of Eqs. (1) 

and (2) was conditioned by using longer specimen by experiments with soda-lime 

glass. Sano (1988) reported that the stress intensity factor is independent of the 

crack length by showing the proportional relation between the compliance and the 

crack length in DT specimen of soda-lime glass, basalt and quartz andesite. 

Taking these restrictions into account, the size of the specimens in this study 

shown in Fig. 2 was set to the width W = 45 [mm], the thickness d = 3 [mm], the 

reduced thickness dn = 2 [mm], and the length L =150 [mm]. 

The DT specimen used in this study had a single rectangular guide groove on 

the upper plane (see Fig. 2). Nara (2004) reported that crack propagation was not 

controlled if the width of the groove was less than the mean grain size of the 

material. Because some phenocrysts had the length of 2 mm in Kumamoto 

andesite, the width of the guide groove was set as 2 mm for andesite. On the other 
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hand, the width of the groove for HSULPC was 1 mm, as the grain size was less 

than 1 mm. 

 

 

3.2. Experimental apparatus 

 

Measurements were conducted in air and water in this study. Schematic 

illustration of the apparatus used for the measurements in water is shown in Fig. 3. 

The apparatus in air is the same one used by Nara and Kaneko (2005, 2006) and 

Nara et al. (2006, 2009).  

The DT specimen is loaded by the electrical-powered cylinder via stainless 

steel balls. The diameter of the balls is 4 mm. For the experiment in air, crack 

propagation in the DT specimen can be monitored by the digital microscope 

placed under the specimen. The applied load is measured by the load cell with the 

accuracy of 0.04 N. Displacement of the loading point is measured by two 

displacement transducers with the accuracy of 0.5 μm. 

The apparatus is set up in a temperature and humidity controlled room. The 

temperature and relative humidity can be kept constant within 0.1 K in the range 

of 283 to 353 K and within 1 % in the range of 40 to 90 %, respectively. 

 

 

3.3. Experimental condition 

 

Measurements of subcritical crack growth in air were conducted with different 

temperature at the same relative humidity or with different relative humidity at the 

same temperature to investigate the effect of the temperature or relative humidity. 

Most of measurements were conducted under controlled temperature and relative 

humidity. However, some measurements were carried out under low relative 

humidity (25 ~ 26 % of relative humidity with the temperature of 291 ~ 292 K) 

which we cannot control. This was the surrounding environmental condition of 

the laboratory in winter. The measurements under this condition were carried out 

without controlling the temperature and relative humidity. 

Measurements in water were conducted at various temperatures. The 

temperature of the water was controlled by controlling the temperature in air. 
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Measurements for rock were carried out in distilled water. Generally water 

becomes alkaline when cementitious materials are immersed. The measurements 

for HSULPC in water were therefore conducted with water which showed 

alkalinity as several pieces of HSULPC had been kept in that water (originally 

distilled water) for more than 2 months. 

 

 

3.4. Experimental procedure 

 

At first, precracking was conducted with the apparatus in air. For precracking, 

load was applied to the specimen slowly, occasionally fixing the displacement of 

the loading points. During this operation, crack propagation was monitored with 

the digital microscope set under the specimen, and we decreased the load rapidly 

when the crack length reached 25mm, which is the minimum length required for 

the condition in which the stress intensity factor is independent of the crack length 

for a DT specimen in this study, according to Trantina (1977). 

After precracking, the temperature and relative humidity in the testing room 

were set and kept constant. The apparatus and the DT specimen were exposed to 

the testing environment for 20 hours. After this, crack growth was measured by 

the DT RLX method. 

In this measurement, we slowly applied a preload of 14 ~ 16 N, which 

corresponded to 15 ~ 25 % of the maximum load (initial load Pi in Eq. (2)). Then 

we applied a large displacement rapidly to the loading points of the specimen and 

held it constant throughout the measurement. This large displacement has to be 

decided so that the maximum load in DT RLX method (Pi in Eq. (2)) approaches 

the value corresponding to the fracture toughness (Nara and Kaneko 2005, 2006). 

This displacement was 0.27 mm for Kumamoto andesite in all conditions as 

specified by Nara and Kaneko (2005). 

For HSULPC, the fracture toughness was measured by the DT CDR method 

with a displacement rate of 0.23 mm/s, which is the maximum rate of the 

apparatus. The measured fracture toughness was 1.62 MN/m
3/2

. Based on this 

result, the displacement of the loading point for HSULPC in air was set as 0.27 

mm. With this displacement, the maximum load reached more than 90 % of the 

load which corresponds to the fracture toughness. 
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For HSULPC in water, however, the specimen was broken and the 

measurement was impossible with the displacement of 0.27 mm. In this case, the 

displacement must be reduced. Therefore, the displacement was set as 0.24 mm in 

water at 285 K and 328 K. In the experiment in water at 348K, the specimen was 

broken with the displacement of 0.24 mm. We therefore reduced the displacement 

more in this case and it was set as 0.21 mm in for the experiment in water at 

348K. 

In Fig. 4, the temporal change of the load is shown. Although the change within 

200 seconds is shown in this figure, all experiments were conducted for 1.5 ~ 2 

hours. 
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4. Results 

 

In this study, the relation between the stress intensity factor KI and the crack 

velocity da/dt (KI-da/dt relation) is evaluated by using the equation (Charles 

1958): 

I

d

d

na
AK

t
               (5) 

where A and n are constants determined experimentally. n is known as the 

subcritical crack growth index. 

 

 

4.1 Results for rock 

 

Figs. 5 and 6 show KI-da/dt relations for andesite obtained in air, which show 

the effects of temperature and relative humidity, respectively. From these figures, 

it is shown that the crack velocity increases when the temperature or relative 

humidity increases. It is considered that the crack velocity in andesite in air is 

affected by both the temperature and relative humidity. 

In Fig. 7, KI-da/dt relations for andesite obtained in distilled water are shown. 

From this figure, it is shown that the crack velocity increases when the 

temperature increases. It is considered that the crack velocity in andesite in water 

is affected by the temperature of water. 

The results of subcritical crack growth measurements are summarized in Tables 

2 ~ 4. The stress intensity factor at da/dt = 10
–6

 [m/s], KI(10
–6

), is listed in these 

tables to provide a quantitative comparison of the stress intensity factor, because 

the range of the crack velocity was 10
–2

 ~ 10
–8

 m/s. Since the range of the stress 

intensity factor for Kumamoto andesite shown in Fig. 5 was approximately 1.2 ~ 

1.7 MN/m
3/2

, the crack velocity at KI = 1.4 [MN/m
3/2

], da/dt(1.4), is listed in 

Table 2 to provide a quantitative comparison of the crack velocity. In the same 

way, da/dt(1.5) is listed in Table 3 to provide a quantitative comparison, because 

the range of the stress intensity factor for Kumamoto andesite shown in Fig. 6 was 

approximately 1.2 ~ 1.9 MN/m
3/2

. For the result in water, da/dt(1.1) is listed in 

Table 4 to provide a quantitative comparison, because the range of the stress 

intensity factor shown in Fig. 7 was approximately 0.9 ~ 1.4 MN/m
3/2

. From 

Tables 2 ~ 4, it is shown that the stress intensity factor decreases and the crack 
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velocity increases when the temperature or relative humidity increases. These 

results agree with the concept that subcritical crack growth in rock is activated 

thermally and water has a significant effect (Anderson and Grew 1977; Atkinson 

1984; Atkinson and Meredith 1987a). 

From Tables 2 ~ 4, it is shown that the value of subcritical crack growth index n 

tends to be smaller when the temperature or relative humidity is higher. It may be 

probable that n is dependent on the environmental condition. 

 

 

4.2 Results for cementitious material 

 

Figs. 8 and 9 show KI-da/dt relations for HSULPC obtained in air. It is shown 

that the dependence of the crack velocity on the temperature or relative humidity 

is not clear. It is considered that the temperature and relative humidity have little 

effect on the crack velocity in HSULPC. 

In Fig. 10, KI-da/dt relations for HSULPC in water with different temperatures 

are shown. This figure shows that the crack velocity increases with increasing 

temperature. It is considered that the temperature has a significant effect on the 

crack velocity in HSULPC in water. 

In Tables 5 ~ 7, the results of subcritical crack growth measurements are 

summarized. As mentioned in 4.1., the stress intensity factor at da/dt = 10
–6

 [m/s], 

KI(10
–6

), is listed in these tables to provide a quantitative comparison of the stress 

intensity factor. The crack velocity at KI = 1.3 [MN/m
3/2

], da/dt(1.3), is listed in 

Table 5 to provide a quantitative comparison of the crack velocity, because the 

range of the stress intensity factor for HSULPC shown in Fig. 8 was 

approximately 1.2 ~ 1.5 MN/m
3/2

. Similarly, da/dt(1.35) is listed in Table 6 to 

provide a quantitative comparison, because the range of the stress intensity factor 

for Kumamoto andesite shown in Fig. 9 was approximately 1.3 ~ 1.45 MN/m
3/2

. 

For the result in water, da/dt(1.1) is listed in Table 7 to provide a quantitative 

comparison, because the range of the stress intensity factor shown in Fig. 10 was 

approximately 0.9 ~ 1.4 MN/m
3/2

. From Tables 5 and 6, the changes of the stress 

intensity factor and crack velocity are not significant even though the temperature 

or relative humidity in air changes considering the standard deviation. On the 

other hand, it is clear that the value of the stress intensity factor decreases and the 
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crack velocity increases obviously when the temperature in water increases from 

Table 7. It is considered that the temperature has a strong effect on subcritical 

crack growth in HSULPC in water. 

It is shown from Tables 5 ~ 7 that the value of subcritical crack growth index n 

tends to be smaller when the temperature or humidity increases. It may be that n 

for HSULPC is dependent on environmental conditions. Additionally, it is clear 

that n for HSULPC is higher than that for andesite. 

 

 

4.3 Long-term strength 

 

It is possible to estimate the long-term strength of material by using the results 

of subcritical crack growth measurements. Estimation of the long-term strength 

predicts the strength or the time-to-failure of a material with applied load in 

future. 

We consider the situation of an infinite plate containing a single crack, 

subjected to an uniform tensile stress. The long-term strength can be estimated by 

the following equation (see Appendix): 

(2 )/1/

IC
t 7

t

1 2
( )

3.15 10 ( 2)

n nn

K
S x

x n A S



  
    

    
          (6) 

where KIC is the fracture toughness, St is the strength, x is the time-to-failure 

[years], and St(x) is the long-term strength. For the value of the strength, we used 

the values of Brazilian tensile strength mentioned in Section 2 to calculate the 

long-term strength using Eq. (6). 

The relations between the time-to-failure and the long-term strength for 

andesite and HSULPC are shown in Fig. 11. Figs. 11(a) and (b) show the relations 

in air with different temperature and different relative humidity, respectively. Fig. 

11(c) shows the relations in water. From these figures, it is shown that the long-

term strength of HSULPC is larger than that of andesite in all cases. From Figs. 

11(a) and (b), it is clear that the change of the long-term strength for HSULPC 

with varying temperature or relative humidity is smaller than andesite in air. From 

Fig. 11(c), it is shown that the long-term strength for both materials decreases 

with increasing the temperature in water. Comparing the results at a same 
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environmental condition, it is recognized that the decrease of the long-term 

strength of HSULPC is smaller than that of andesite. 

Additionally, it is recognized that the long-term strength in water was smaller 

than that in air for both materials. 
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5. Discussion 

 

It is considered that the crack velocity in rock is affected by the environmental 

conditions. Meredith and Atkinson (1985) reported that the crack velocity 

increased with increasing water vapour pressure. Waza et al. (1980) and Sano and 

Kudo (1992) reported that the crack velocity increased in water by using andesite 

and granite. This study supports these results. Also, stress corrosion (Anderson 

and Grew 1977) seems to affect subcritical crack growth in rock. 

On the other hand, the main mechanism of subcritical crack growth in 

HSULPC seems to be different from rock. In air, the crack velocity was not 

affected by the change of the temperature and relative humidity. According to 

Uzawa et al. (1998), even when the concrete was cured by steam curing at 353K 

and then cured again under higher temperature, the strength of concrete did not 

change significantly. Hence, it is considered that the strength of the concrete does 

not change under lower temperature. The experimental conditions in air can have 

little effect on the crack velocity in HSULPC due to the higher curing temperature 

than temperature in experiments. 

Comparing KI-da/dt relations in Fig. 10 to those in Fig. 8 or Fig. 9, it is 

recognized that the crack velocities in water are higher than those in air. Ranjith et 

al. (2008) reported that when the concrete was fully wet, the strength reduced 

significantly in comparison with the strength of dry concrete. Results in this study 

are consistent with the result by Ranjith et al. It is important to consider the reason 

why water has a remarkable effect on the crack growth in cementitious material. 

The loss of strength due to the leaching of calcium was reported by Carde and 

François (1997) and Heukamp et al. (2001). Since the crack velocity in HSULPC 

increased with increasing temperature only in water, it is considered that 

subcritical crack growth in HSULPC happens due to leaching of calcium at the 

crack tip. Additionally, the rate of leaching for calcium is dependent on the 

temperature of water (Kamali et al. 2008). Due to these effects, the dependence of 

the crack velocity in HSULPC on the temperature of water was considered to be 

observed. 

The estimation of the long-term strength reflects subcritical crack growth 

measurements. From Fig. 11, it is clear that the decrease of the long-term strength 

for HSULPC is lower than that of andesite. The slope of the relation between the 
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long-term strength and time-to-failure is expressed by 1/n (see Eq. (6)). The small 

decrease of the long-term strength for HSULPC is therefore due to the high value 

of n of HSULPC. 

From Fig. 11, it is recognized that the decrease of the long-term strength for 

HSULPC in water is larger than in air and depends on the temperature. This result 

reflects the dependence of subcritical crack growth in HSULPC in water on the 

temperature. Similar tendency is observed for andesite. Therefore, it is considered 

that water remarkably affects the long-term strength and control or shut-off of 

water is important to lengthen the life-time of rock and cementitious material. 

It is essential to calculate the long-term strength of HSULPC in 60000 years in 

various conditions. For this purpose, consideration of the dependence of constants 

n and A on the temperature and humidity is necessary. The relations between 

environmental conditions and n or logA are shown in Figs. 12 ~ 14. Figs. 12, 13 

and 14 show the relations obtained in air with different temperature at constant 

relative humidity, in air with different relative humidity at constant temperature, 

and in water, respectively. As shown in these figures, the following relations were 

obtained with the least square approximation: 

0.83 380

log 0.080 45.8

n T

A T

   


  
    (in air at constant relative humidity)       (7) 

r

r

1.21 260

log 0.171 41.2

n h

A h

   


  
      (in air at constant temperature)      (8) 

1.36 526

log 0.220 81.2

n T

A T

   


  
              (in water)             (9) 

where hr is the relative humidity [%]. By using these equations, we can evaluate n 

and logA under various environmental conditions. Additionally, by substituting 

these values to Eq. (6), we can calculate the long-term strength under various 

environmental conditions. 

In Fig. 15, the relations between the long-term strength in 60000 years 

calculated with using Eqs. (6) ~ (9) and environmental conditions are shown. Figs. 

15(a), (b), and (c) show the relations in air at constant relative humidity, in air at 

constant temperature, and in water, respectively. In these figures, the estimations 

obtained from each experiment are also shown with solid symbols. The maximum 

differences between the long-term strength calculated with Eqs. (6) ~ (9) and that 

from experimental results were 0.65 MPa, 0.47 MPa, and 0.43 MPa in Figs. 15(a), 
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(b), and (c), respectively. These differences are shown as error bars in Fig. 15. 

From these figures, it is clear that the effect of environment on the long-term 

strength of HSULPC is remarkable in water. The long-term strength in 60000 

years decreases significantly with increasing the temperature in water. It is 

considered that the control of water content is necessary for larger long-term 

strength or longer time-to-failure. If possible, it is desirable to keep HSULPC dry 

for long-term stability. 

The long-term strength estimated in this study is based on the situation that the 

stress intensity factor increases with increasing crack length. On the other hand, it 

is possible that the stress intensity factor decreases with increasing crack length 

(Kachanov 1982; Touzet et al. 2006). Therefore, the long-term strength estimated 

in this study may be too small. However, to ensure the long-term stability of 

structures which will be used for a long time, this estimation is considered to be 

necessary. To estimate the long-term strength more precisely, it is necessary to 

consider the effects of the temporal change of the temperature, relative humidity, 

or water content. These will be the subject of future work. 
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6. Conclusion 

 

In this study, subcritical crack growth in andesite and HSULPC was 

investigated experimentally by using the DT method. The effects of 

environmental conditions (temperature, relative humidity and water) were 

investigated from the experiments in air and water. 

For andesite, it was shown that both the temperature and relative humidity in air 

affected the crack velocity remarkably. When the temperature or relative humidity 

increased, the crack velocity at the same stress intensity factor increased. On the 

other hand, both the temperature and relative humidity in air had little effect on 

the crack velocity in HSULPC. In water, the crack velocity both in andesite and 

HSULPC increased with increasing the temperature. 

By using the results of subcritical crack growth measurement, the long-term 

strength of andesite and HSULPC was evaluated. It was shown that the long-term 

strength of HSULPC was higher than that of andesite. In air, the long-term 

strength for andesite was affected by the temperature and relative humidity. When 

the temperature or relative humidity increased, the long-term strength for andesite 

decreased. The change of the long-term strength for HSULPC with changing the 

temperature or relative humidity in air was smaller than for andesite. In water, it 

was shown that the long-term strength for both materials decreased with 

increasing the temperature. Comparing the long-term strength of andesite and 

HSULPC at a same environmental condition, it was recognized that the decrease 

of the long-term strength of HSULPC is smaller than that of andesite. The long-

term strength in water was smaller than that in air for both materials. 

It was clarified that water had a strong effects on subcritical crack growth and 

the long-term strength of both rock and cementitious material. It is concluded that 

the control of water content is necessary for larger long-term strength of these 

materials. 
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Appendix. Estimation of the long-term strength 

 

In this study, we considered a situation where an infinite plate containing a 

single crack is subjected to an uniform tensile stress σyy
∞
. In this case, the stress 

intensity factor is expressed as follows: 

1/2

I ( )yyK a  .          (A.1) 

If the KI-da/dt relation is expressed with Eq. (5), the following equation can be 

obtained: 

/2 /2d

d

n n n

yy

a
A a

t
   .          (A.2) 

From Eq. (A.2), the following equation can be obtained: 

/2 /2d dn n n

yya a A t    .        (A.3) 

The general solution of Eq. (A.3) is as follows: 

1 /2 /21

1- 2

n n n

yya A t c
n /

            (A.4) 

where c is a constant of integration. Assuming that a = a0 when t = 0, the constant 

c can be determined from Eq. (A.4) as follows: 

(2 )/2

0

2

2-

na c
n

  .          (A.5) 

Substituting Eq. (A.5) into Eq. (A.4), the following equation can be obtained: 

(2 )/2 /2 (2 )/2

0

2

2

n n n n

yy

n
a A t a   

  .          (A.6) 

From Equation (A.6), the following equation can be obtained: 

(2 )/2
(2 )/2

0

/2

0

2
1

( 2)

n
n

n n

yy

a a
t

n A a 






   
   

    

.      (A.7) 

Even though the crack propagates statically, the manner of the crack propagation 

will change from static to dynamic as time goes by and the crack length will 

diverge. Assuming that the time when the crack length diverges is called as “time-

to-failure”, tf, this can be expressed as follows: 

(2 )/2

0
f /2

2

( 2)

n

n n

yy

a
t

n A 







.              (A.8) 

Considering the situation that a material reaches failure in x years under a constant 

stress, this stress can be defined as “long-term strength”, St(x). Since the time-to-
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failure is x years (3.15×10
7
x seconds) under this stress, the following equation can 

be obtained from Equation (A.8): 

(2 )/2

t 07 /2

1 2
( ( ))

3.15 10 ( 2)

n n

n
S x a

x n A


 

.          (A.9) 

Assuming that the tensile strength and the fracture toughness of a material are St 

and KIC, respectively, when the crack length is a0, the relation between St and KIC 

can be expressed as follows: 

1/2

IC t 0( )K S a .                (A.10) 

From Eqs. (A.9) and (A.10), the following equation can be obtained: 

(2 )/1/

IC
t 7

t

1 2
( )

3.15 10 ( 2)

n nn

K
S x

x n A S



  
    

    
.        (A.11) 

The long-term strength can be estimated by using this equation. 
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Figure captions 

 

Fig. 1  The schematic illustration of an alternative concept of the radioactive 

waste package. 

Fig. 2  Double-Torsion specimen and loading configuration. The loading forces 

are shown by four thick arrows. 

Fig. 3  The schematic illustration of experimental apparatus in water. 

Fig. 4  The temporal changes of the applied load for Kumamoto andesite and 

HSULPC. 

Fig. 5  KI-da/dt relations for Kumamoto andesite in air at different temperature. 

Fig. 6  KI-da/dt relations for Kumamoto andesite in air at different relative 

humidity. 

Fig. 7  KI-da/dt relations for Kumamoto andesite in distilled water at different 

temperature. 

Fig. 8  KI-da/dt relations for HSULPC in air at different temperature. 

Fig. 9  KI-da/dt relations for HSULPC in air at different relative humidity. 

Fig. 10  KI-da/dt relations for HSULPC in water at different temperature. 

Fig. 11  Relations between the long-term strength and time-to-failure for andesite 

and HSULPC. 

(a): in air at the same relative humidity and different temperature 

(b): in air at the same temperature and different relative humidity 

(c): in water 

Fig. 12  Relation between the temperature and n or logA in air at constant 

relative humidity. 

(a): relation between the temperature and n. 

(b): relation between the temperature and logA. 

Fig. 13  Relation between the relative humidity and n or logA in air at constant 

temperature. 

(a): relation between the relative humidity and n. 

(b): relation between the relative humidity and logA. 

Fig. 14  Relation between the temperature and n or logA in water. 

(a): relation between the temperature and n. 

(b): relation between the temperature and logA. 
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Fig. 15  Relation between the long-term strength of HSULPC in 60000 years and 

environmental conditions. 

(a): relation in air at constant relative humidity. 

(b): relation in air at constant temperature. 

(c): relation in water. 
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Tables 

 

 

 

Table 1  The composition of HSULPC. 

Contained amount [kg/m
3
] 

low-heat portland cement 744～1014 

silica fume 158～496 

fillers (fly ash, blast furnace slag, etc.) 225～541 

aggregates 631～947 

water-reducing admixture 24 

water 180 

 

 

 

Table 2  Summary of the results for Kumamoto andesite in air at different 

temperature. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.4) 

[m/s] 

293K, 55% 
-15.8 

(SD=1.8) 

61 

(SD=10) 

1.45 

(SD=0.01) 

1.35×10
-7 

(SD=2.09×10
0
 in log) 

329K, 50% 
-13.3 

(SD=0.5) 

49 

(SD=5) 

1.41 

(SD=0.03) 

7.94×10
-7 

(SD=2.88×10
0
 in log) 

348K, 50% 
-11.8 

(SD=0.2) 

43 

(SD=1) 

1.36 

(SD=0.00) 

3.63×10
-6 

(SD=1.02×10
0
 in log) 

SD: standard deviation 
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Table 3  Summary of the results for Kumamoto andesite in air at different 

relative humidity. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.5) 

[m/s] 

292K, 25% 
-17.2 

(SD=2.2) 

58 

(SD=9) 

1.56 

(SD=0.03) 

1.07×10
-7 

(SD=4.79×10
0
 in log) 

293K, 89% 
-1.0 

(SD=2.3) 

45 

(SD=4) 

1.37 

(SD=0.04) 

6.03×10
-5 

(SD=2.82×10
0
 in log) 

SD: standard deviation 

 

 

Table 4  Summary of the results for Kumamoto andesite in distilled water. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.1) 

[m/s] 

285K 

pH=6~7 

-7.6 

(SD=0.5) 

41 

(SD=2) 

1.10 

(SD=0.03) 

1.15×10
-6 

(SD=3.16×10
0
 in log) 

328K 

pH=5 

-6.1 

(SD=0.6) 

32 

(SD=2) 

1.01 

(SD=0.04) 

1.91×10
-5 

(SD=3.89×10
0
 in log) 

SD: standard deviation 
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Table 5  Summary of the results for HSULPC in air at different temperature. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.3) 

[m/s] 

284K, 52% 
-23.7 

(SD=3.1) 

149 

(SD=35) 

1.31 

(SD=0.03) 

1.75×10
-7 

(SD=1.23×10
1
 in log) 

329K, 52% 
-18.6 

(SD=2.3) 

101 

(SD=9) 

1.32 

(SD=0.06) 

1.44×10
-7 

(SD=8.51×10
1
 in log) 

348K, 50% 
-19.3 

(SD=3.0) 

100 

(SD=12) 

1.36 

(SD=0.08) 

1.24×10
-8 

(SD=7.59×10
2
 in log) 

SD: standard deviation 

 

 

 

 

Table 6  Summary of the results for HSULPC in water at different relative 

humidity. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.35) 

[m/s] 

291K, 26% 
-36.6 

(SD=8.2) 

228 

(SD=35) 

1.36 

(SD=0.05) 

1.10×10
-7 

(SD=6.92×10
3
 in log) 

293K, 89% 
-26.0 

(SD=3.4) 

152 

(SD=18) 

1.35 

(SD=0.04) 

6.31×10
-7 

(SD=5.75×10
1
 in log) 

SD: standard deviation 
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Table 7  Summary of the results for HSULPC in water. 

  logA n 
KI(10

-6
) 

[MN/m
3/2

] 

da/dt(1.1) 

[m/s] 

285K 

pH=10 

-18.7 

(SD=4.0) 

138 

(SD=41) 

1.24 

(SD=0.02) 

9.77×10
-14 

(SD=2.63×10
2
 in log) 

326K 

pH=9~10 

-8.6 

(SD=1.0) 

88 

(SD=18) 

1.07 

(SD=0.04) 

1.23×10
-5 

(SD=3.98×10
1
 in log) 

346K 

pH=9 

-5.7 

(SD=0.2) 

53 

(SD=9) 

0.99 

(SD=0.01) 

3.55×10
-4 

(SD=3.89×10
0
 in log) 

SD: standard deviation 
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