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It is important to investigate time-dependent deformation and fracturing in rock for the purpose of ensuring the 
long-term stability of structures in a rock mass. Subcritical crack growth is one of the main causes of time-dependent 
fracturing in rock. It is known that subcritical crack growth is influenced by not only stress but also surrounding 
environment. Studies of subcritical crack growth have been widely conducted for silicate rocks such as igneous rocks 
and sandstones. On the other hand, information of subcritical crack growth in carbonate rocks is not enough. Especially, 
influence of surrounding environmental conditions on subcritical crack growth in carbonate rocks has not been clarified 
yet. In this study, we investigated subcritical crack growth in carbonate rocks. Specifically, we investigated the influence 
of temperature and relative humidity on subcritical crack growth in air and in water. Macedonian marble was used as a 
rock sample. To measure subcritical crack growth, we used the load relaxation method of the double-torsion test. It was 
shown that the crack velocity increased when the temperature was higher at a constant relative humidity in air and in 
water. In addition, the crack velocity increased with increasing the relative humidity at a constant temperature. It is 
concluded that the temperature and relative humidity influence subcritical crack growth in carbonate rock in air and in 
water. From the results obtained in this study, it can be suggested that the condition with low temperature and low 
humidity is desirable for the long-term integrity of a carbonate rock. 
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Table 1 P-wave velocity in marble in km/s.  
Direction Axis-1 Axis-2 Axis-3 

P-wave velocity [km/s] 4.15 4.06 3.74 
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Fig.1 Photomicrograph of Macedonian marble under 
crossed nicols (1.9 × 3.4 mm). 

Fig.2 X-ray diffraction pattern for Macedonian marble. 

Fig.3 Stress-strain relationship for Macedonian marble under 
uniaxial compression. 
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crossed nicols (1.9 × 3.4 mm). 
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uniaxial compression. 
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Fig.4 Double torsion specimen and loading configuration.
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Fig.5 Schematic illustration of double-torsion testing apparatus. 
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Fig.6 KI-da/dt relationships for Macedonian marble in air with 
different relative humidities and in water. 
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different temperatures and in water. 

0.7 0.75 0.8 0.85 0.9 0.95 1 1.5
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

,  : in air (293K, 50%)
, ,  : in air (323K, 48%)
, ,  : in air (351K, 50%)

Stress intensity factor [MN/m3/2]

C
ra

ck
 v

el
oc

ity
 [m

/s
]

,  : in water (318K,pH=8.5-8.6)
,  : in water (291K,pH=8.5-8.6)

1.28

284 西田雄貴，奈良禎太，柏谷公希，石田　毅

02-12915-(p.282-287).indd   284 2016/02/24   11:43:44



 
 
and Evans 12) Sano 14) 15)

4.2 mm
c = 0.4 9)  

wm 18 
mm W 45 mm d 3 mm L 140 mm

3 mm 1 mm (dn = 
2 [mm])  

 
Fig.4 Double torsion specimen and loading configuration.

3 2  
Fig.5

Nara and 
Kaneko7)

Nara et al.5)

2

 
DT

 
 

 
Fig.5 Schematic illustration of double-torsion testing apparatus. 

 

3 3  

4 m

Trantina17)

 
0.55w < a < L-0.65w             (3) 

w = 45 [mm]
25 mm

 

i i

4 m

 

Nara and Kaneko7)

2
14 N

0.33 mm
 

50
10% 50% 90% 3

291K 318K
50% 293K 323K 351K 3

 
4  

KI da/dt
17)  

nAK
t
a

Id
d             (4) 

A n n

 
Fig.6 318 ~ 323 K

323 K 45 ~ 48 %
1.28 MN/m3/2

Fig.6

 
Table 2 318 ~ 323 K

DT
da/dt = 10-5 [m/s]

KI(10-5)

 
 

0.7 1.3 MN/m3/2

KI  1.0 
[MN/m3/2] da/dt(1.0)

KI(10-5)
da/dt(1.0)

n

n  
Fig.7 50 %

Fig.6 Fig.7
323 K 45~48 %

1.28 MN/m3/2

 

 
 

Table 3 DT

KI(10-5)
da/dt(1.0)

n
 

5  

18)

6)

 

293K
348K 1

293K 351K
3

 
55 %

90 % 1

50 % 89 %
2

 

CaMg(CO3)2

pH CO2

HCO3-

 

Fig.6 KI-da/dt relationships for Macedonian marble in air with 
different relative humidities and in water. 

0.7 0.75 0.8 0.85 0.9 0.95 1 1.5
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

C
ra

ck
 v

el
oc

ity
 [m

/s
]

Stress intensity factor [MN/m3/2]

, ,  : in air (323K, 50%)
,  : in air (323K, 90%)

, ,  : in air (323K, 5-7%)

,  : in water (318K,pH=8.5-8.6)

1.28

Fig.7 KI-da/dt relationships for Macedonian marble in air with 
different temperatures and in water. 

0.7 0.75 0.8 0.85 0.9 0.95 1 1.5
10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

,  : in air (293K, 50%)
, ,  : in air (323K, 48%)
, ,  : in air (351K, 50%)

Stress intensity factor [MN/m3/2]

C
ra

ck
 v

el
oc

ity
 [m

/s
]

,  : in water (318K,pH=8.5-8.6)
,  : in water (291K,pH=8.5-8.6)

1.28

285大理石におけるサブクリティカルき裂進展の周辺環境依存性

02-12915-(p.282-287).indd   285 2016/02/24   11:43:44



 
 

CaMg(CO3)2 + 2H+→ Ca2+ + Mg2+ + 2HCO3-          (5) 

 
Nara et al.6)

13)

 
n

n

19), 20)

n

CaCO3

6
DT

JSPS  23860027
25870357

 
 

 
1) C. H. Scholz, “Experimental study of the fracturing process in 

brittle rock”, Journal of Geophysical Research, Vol.73, No.4, 
pp.1447-1454 (1968). 

2) B. K. Atkinson, “Subcritical crack growth in geological 
materials”, Journal of Geophysical Research, Vol.89, No.B6, 
pp.4077-4114 (1984). 

3) O. Sano and Y. Kudo, “Relation of Fracture Resistance to 
Fabric for Granitic Rocks”, Pure and Applied Geophysics, 
Vol.138, No.4, pp.657-667 (1992). 

4)  Y. Nara and K. Kaneko, “Sub-critical crack growth in 
anisotropic rock”, International Journal of Rock Mechanics 
and Mining Sciences, Vol.43, No.3, pp.437-453 (2006). 

Table 3 Summary of subcritical crack growth measurements for marble in air and distilled water with different temperatures. 
Temperature [K] relative humidity  

or pH n logA K 10-5 [MN/m3/2] da/dt(1.0)[m/s] 

293 50 % in air 61±1 -6.89±0.19 1.08±0.01 1.30×10-7±0.19 

323 324 48 50 % in air 64±2 -5.39±0.29 1.03±0.04 4.11×10-6±0.29 

351 50 % in air 69±12 -3.42±0.33 0.95±0.02 4.55×10-4±0.33 

291 pH = 8~9 in water 39±4 -2.93±0.52 0.89±0.02 1.63×10 3±0.20 

318 pH = 9 in water 36±2 -2.55±0.16 0.86±0.02 2.95×10-3±0.03 

 

Table 2 Summary of subcritical crack growth measurements for marble in air and distilled water with constant temperature. 
Temperature [K] relative humidity 

or pH n logA K 10-5 [MN/m3/2] da/dt(1.0)[m/s] 

325 5 7 % in air 103±5 -7.82±1.03 1.06±0.03 1.51×10-8±1.03 

323 324 48 50 % in air 64±2 -5.39±0.29 1.03±0.04 4.11×10-6±0.29 

323~324 89 % in air 61±13 -3.54±0.76 0.94±0.04 2.92×10-4±0.76 

318 pH = 9 in water 36±2 -2.55±0.16 0.86±0.02 2.95×10-3±0.03 

 
 
5)  Y. Nara, M. Takada, T. Igarashi, N. Hiroyoshi and K. Kaneko, 

“Subcritical crack growth in rocks in an aqueous 
environment”, Exploration Geophysics, Vol.40, No.1, 
pp.163-171 (2009). 

6)  Y. Nara, N. Hiroyoshi, T. Yoneda, and K. Kaneko, “Effects 
of relative humidity and temperature on subcritical crack 
growth in igneous rock”, International Journal of Rock 
Mechanics and Mining Sciences, VOL47, No.4, pp.640-646 
(2010). 

7)  Y. Nara and K. Kaneko, “Study of subcritical crack growth in 
andesite using Double Torsion test”, International Journal of 
Rock Mechanics and Mining Sciences, Vol.42, No.4, pp.521-
530 (2005). 

8)  Y. Nara, M. Takada, D. Mori, H. Owada, T. Yoneda and K. 
Kaneko, “Subcritical crack growth and long-term strength in 
rock and cementitious material”, International Journal of 
Fracture, Vol.164, No.1, pp.57-71 (2010). 

9) J. Holder, J. E. Olson and Z. Philip, “Experimental 
determination of subcritical crack growth parameters in 
sedimentary rock”. Geophysical Research Letters, Vol.28, 
No.4, pp.599-602. 

10) Y. Nara, K. Morimoto, T. Yoneda, N. Hiroyoshi, and K. 
Kaneko, “Effects of humidity and temperature on subcritical 
crack growth in sandstone” International Journal of Solids and 
Structures, Vol.48, No.7,8, pp.1130-1140 (2011). 

11) Y. Nara, K. Morimoto, N. Hiroyoshi, T. Yoneda, K. Kaneko 
and P. M. Benson, “Influence of relative humidity on fracture 
toughness of rock: implications for subcritical crack growth”, 
International Journal of Solids and Structures, Vol.49, No.18, 
pp.2471-2481 (2012). 

12) D. P. Williams and A. G. Evans, “A simple method for studying 
slow crack growth”, Journal of Testing and Evaluation, Vol.1, 
No.4, pp.264-270 (1973). 

13) A. G. Evans, “A method for evaluating the time-dependent 
failure characteristics of brittle materials – and its application 
to polycrystalline alumina”, Journal of Materials Science, 
Vol.7, No.10, pp.1137-1146 (1972). 

14) B. K. Atkinson, “A fracture mechanics study of subcritical tensile 
cracking of quartz in wet environments”, Pure and Applied 
Geophysics, Vol.117, No.5, pp.1011-1024 (1979). 

15) O. Sano, “A revision of the double-torsion technique for brittle 
materials”, Journal of Materials Science, Vol.23, No.7, 
pp.2505-2511 (1998). 

16) M. Seto, M. Utagawa and W. J. Jung, “Subcritical crack growth 
and rate dependent tensile fracture of sandstone”, Journal of 
MMIJ, Vol.116, No.7, pp.630-635 (2000). (in Japanese with 
English abstract) 

17) R. J. Charles, “Static fatigue of glass. II”, Journal of Applied 
Physics, Vol.29, No.11, pp.1554-1560 (1958). 

18) O. L. Anderson and P. C. Grew, “Stress corrosion theory of crack 
propagation with applications to geophysics”, Reviews of 
Geophysics and Space Physics, Vol.15, No.1, pp.77-104 (1977). 

19) Y. Nara, H. Yamanaka, Y. Oe and K. Kaneko, “Influence of 
temperature and water on subcritical crack growth parameters and 
long-term strength for igneous rocks”, Geophysical Journal 
International, Vol.193, No.1, pp.47-60 (2013). 

20) Y. Nara, “Effect of anisotropy on the long-term strength of granite”, 
Rock Mechanics and Rock Engineering, Vol.48, No.3, pp.959-969 
(2015). 

 

286 西田雄貴，奈良禎太，柏谷公希，石田　毅

02-12915-(p.282-287).indd   286 2016/02/24   11:43:45



 
 

CaMg(CO3)2 + 2H+→ Ca2+ + Mg2+ + 2HCO3-          (5) 

 
Nara et al.6)

13)

 
n

n

19), 20)

n

CaCO3

6
DT

JSPS  23860027
25870357

 
 

 
1) C. H. Scholz, “Experimental study of the fracturing process in 

brittle rock”, Journal of Geophysical Research, Vol.73, No.4, 
pp.1447-1454 (1968). 

2) B. K. Atkinson, “Subcritical crack growth in geological 
materials”, Journal of Geophysical Research, Vol.89, No.B6, 
pp.4077-4114 (1984). 

3) O. Sano and Y. Kudo, “Relation of Fracture Resistance to 
Fabric for Granitic Rocks”, Pure and Applied Geophysics, 
Vol.138, No.4, pp.657-667 (1992). 

4)  Y. Nara and K. Kaneko, “Sub-critical crack growth in 
anisotropic rock”, International Journal of Rock Mechanics 
and Mining Sciences, Vol.43, No.3, pp.437-453 (2006). 

Table 3 Summary of subcritical crack growth measurements for marble in air and distilled water with different temperatures. 
Temperature [K] relative humidity  

or pH n logA K 10-5 [MN/m3/2] da/dt(1.0)[m/s] 

293 50 % in air 61±1 -6.89±0.19 1.08±0.01 1.30×10-7±0.19 

323 324 48 50 % in air 64±2 -5.39±0.29 1.03±0.04 4.11×10-6±0.29 

351 50 % in air 69±12 -3.42±0.33 0.95±0.02 4.55×10-4±0.33 

291 pH = 8~9 in water 39±4 -2.93±0.52 0.89±0.02 1.63×10 3±0.20 

318 pH = 9 in water 36±2 -2.55±0.16 0.86±0.02 2.95×10-3±0.03 

 

Table 2 Summary of subcritical crack growth measurements for marble in air and distilled water with constant temperature. 
Temperature [K] relative humidity 

or pH n logA K 10-5 [MN/m3/2] da/dt(1.0)[m/s] 

325 5 7 % in air 103±5 -7.82±1.03 1.06±0.03 1.51×10-8±1.03 

323 324 48 50 % in air 64±2 -5.39±0.29 1.03±0.04 4.11×10-6±0.29 

323~324 89 % in air 61±13 -3.54±0.76 0.94±0.04 2.92×10-4±0.76 

318 pH = 9 in water 36±2 -2.55±0.16 0.86±0.02 2.95×10-3±0.03 

 
 
5)  Y. Nara, M. Takada, T. Igarashi, N. Hiroyoshi and K. Kaneko, 

“Subcritical crack growth in rocks in an aqueous 
environment”, Exploration Geophysics, Vol.40, No.1, 
pp.163-171 (2009). 

6)  Y. Nara, N. Hiroyoshi, T. Yoneda, and K. Kaneko, “Effects 
of relative humidity and temperature on subcritical crack 
growth in igneous rock”, International Journal of Rock 
Mechanics and Mining Sciences, VOL47, No.4, pp.640-646 
(2010). 

7)  Y. Nara and K. Kaneko, “Study of subcritical crack growth in 
andesite using Double Torsion test”, International Journal of 
Rock Mechanics and Mining Sciences, Vol.42, No.4, pp.521-
530 (2005). 

8)  Y. Nara, M. Takada, D. Mori, H. Owada, T. Yoneda and K. 
Kaneko, “Subcritical crack growth and long-term strength in 
rock and cementitious material”, International Journal of 
Fracture, Vol.164, No.1, pp.57-71 (2010). 

9) J. Holder, J. E. Olson and Z. Philip, “Experimental 
determination of subcritical crack growth parameters in 
sedimentary rock”. Geophysical Research Letters, Vol.28, 
No.4, pp.599-602. 

10) Y. Nara, K. Morimoto, T. Yoneda, N. Hiroyoshi, and K. 
Kaneko, “Effects of humidity and temperature on subcritical 
crack growth in sandstone” International Journal of Solids and 
Structures, Vol.48, No.7,8, pp.1130-1140 (2011). 

11) Y. Nara, K. Morimoto, N. Hiroyoshi, T. Yoneda, K. Kaneko 
and P. M. Benson, “Influence of relative humidity on fracture 
toughness of rock: implications for subcritical crack growth”, 
International Journal of Solids and Structures, Vol.49, No.18, 
pp.2471-2481 (2012). 

12) D. P. Williams and A. G. Evans, “A simple method for studying 
slow crack growth”, Journal of Testing and Evaluation, Vol.1, 
No.4, pp.264-270 (1973). 

13) A. G. Evans, “A method for evaluating the time-dependent 
failure characteristics of brittle materials – and its application 
to polycrystalline alumina”, Journal of Materials Science, 
Vol.7, No.10, pp.1137-1146 (1972). 

14) B. K. Atkinson, “A fracture mechanics study of subcritical tensile 
cracking of quartz in wet environments”, Pure and Applied 
Geophysics, Vol.117, No.5, pp.1011-1024 (1979). 

15) O. Sano, “A revision of the double-torsion technique for brittle 
materials”, Journal of Materials Science, Vol.23, No.7, 
pp.2505-2511 (1998). 

16) M. Seto, M. Utagawa and W. J. Jung, “Subcritical crack growth 
and rate dependent tensile fracture of sandstone”, Journal of 
MMIJ, Vol.116, No.7, pp.630-635 (2000). (in Japanese with 
English abstract) 

17) R. J. Charles, “Static fatigue of glass. II”, Journal of Applied 
Physics, Vol.29, No.11, pp.1554-1560 (1958). 

18) O. L. Anderson and P. C. Grew, “Stress corrosion theory of crack 
propagation with applications to geophysics”, Reviews of 
Geophysics and Space Physics, Vol.15, No.1, pp.77-104 (1977). 

19) Y. Nara, H. Yamanaka, Y. Oe and K. Kaneko, “Influence of 
temperature and water on subcritical crack growth parameters and 
long-term strength for igneous rocks”, Geophysical Journal 
International, Vol.193, No.1, pp.47-60 (2013). 

20) Y. Nara, “Effect of anisotropy on the long-term strength of granite”, 
Rock Mechanics and Rock Engineering, Vol.48, No.3, pp.959-969 
(2015). 

 

287大理石におけるサブクリティカルき裂進展の周辺環境依存性

02-12915-(p.282-287).indd   287 2016/02/24   11:43:45


