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Measurement of Mode I Fracture Toughness of Rocks with Temperature
and Moisture Conditions at Low Temperature

Yong-Bok Jung, Chan Park, Joong-Ho Synn and Hi-Keun Lee

Abstract. Mode I fracture toughness (K;.) of the frozen rocks and that of the frozen-thawed rocks were obtained
by using BDT and CCNBD specimens. The test temperatures ranged from +25°C to -160°C. Wet and air-dry
specimens of granite and sandstone were used in order to investigate the effect of water and porosity on fracture
toughness. The SEM images of the frozen-thawed rocks were also analyzed to check the density of thermal
cracks. The K of the frozen rocks increased as the test temperature went down. The rate of increase was higher
in wet condition than in dry condition and the rate of increase for wet granite was higher than that for wet
sandstone. The K. of the frozen-thawed rocks varied within 15% from the K. of the rocks at room temperature.
After one freeze-thaw process, thermal crack occurred in granite but no thermal cracks occurred in sandstone.
And the crack density was increased as the temperature went down.

Key words : fracture toughness, low temperature, BDT, CCNBD, temperature dependance, ANOVA
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Table 1. Mineralogical compositions of tested rocks.

{unit : wt.%).
Hw;;gn?;ung Boryong sandstone
Albite 449 44
Chlorite - 37
Muscovite - 17.2
Quartz 39.8 74.7
Biotite 6.6 -
Microcline 8.6 -
Sum 99.9 100
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Fig. 1. The geometry of CCNBD specimen(ISRM, 1995).
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Table 2. Physical and mechanical properties of tested rocks.

Granite  Sandstone
Bulk specific gravity 2.68 272
Absorption ratio (%) 0.25 0.12
Apparent porosity (%) 0.67 0.30
P-wave velocity (m/sec) 4,300 5,580
S-wave velocity (m/sec) 2,290 3,060
Uniaxial compressive strength (MPa) 188 217
Brazilian tensile strength (MPa) 8 20
Young's modulus (GPa) 51 63
Poisson's ratio 0.24 0.21

Fig. 3. A view of Interlaken rock testing system (A: Envi-
ronmental chamber, B: Temperature controller, C: DDC4000
controller, D: System control PC, E: AE measurement sys-
tem, F: Data acquisition PC, G: Dynamic strain amplifier, H:
LN, tank).
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Fig. 5. Cooling strategy for fracture toughness tests on frozen
rocks.

Fig. 6. Dummy specimens for checking uniform temperature
distribution with a digital temperature and thermocouples.
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Table 3. Analysis of variance for fracture toughness variation. (unit: MPa,\/ITl )
(a) dry granite
Source of variation Sum of squares DOF Mean square F P-value Foos
Treatment 0.21424 4 0.05356 18.88508 0.00012 3.47805
Error 0.02836 10 0.00284
Total 0.24261 14
(b) wet granite
Source of variation Sum of squares DOF Mean square F P-value Fy0s
Treatment 2.76990 5 0.55398 21.60256 0.00001 3.10587
Error 0.30773 12 0.02564
Total 3.07763 17
(¢) dry sandstone
Source of variation Sum of squares DOF Mean square F P-value Fy o5
Treatment 1.61662 4 0.40415 11.70319 0.00087 3.47805
Error 0.34534 10 0.03453
Total 1.96196 14
(d) wet sandstone
Source of variation Sum of squares DOF Mean square F P-value Fyus
Treatment 3.26352 5 0.65270 20.84052 0.00002 3.10587
Error 0.37583 12 0.03132
Total 3.63935 17
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Table 4. Analysis of variance for dry and wet samples. (unit: MPa/m )
Temperature (°C) 25 -20 -50 -100 -160
F value of granite 29.54432 66.73846 90.37418 22.23685 16.75342

Reject Reject Reject Reject Reject
F value of Sandstone 14.44483 10.51099 0.179157 0.10535 0.18602
Reject Reject Accept Accept Accept
* Level of significance = 0.05, F0.05(2,2) = 7.70865
Table 5. Result of 2-way ANOVA for temperature and water content. (unit: MPaj/m )
(a) Granite
Source of variation ~ Sum of squares DOF Mean square F P-value | A
Temperature 0.796887 { 0.796887 77.709668 2.52175E-08 4.3512500
Dry-Wet 1.8424199 4 0.4606049 44916582 1.01667E-09 2.8660807
Interaction 0.7011865 0.1752966 17.094312 3.07791E-06 2.8660807
Error 0.2050935 20 0.0102546
Total 3.5455874 29
(b) Sandstone
Source of variation Sum of squares DOF Mean square F P-value Fo s
Temperature 0.0992335 1 0.0992335 2.7809481 0.110974507 4.3512500
Dry-Wet 4.0613770 4 1.0153442 28.454298 5.28631E-08 2.8660807
Interaction 0.0757626 4 0.0189406 0.5307983 0.714520113 2.8660807
Error 0.7136667 20 0.0356833
Total 4.9500398 29
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Fig. 11. Mode I fracture toughness by BDT after thermal
treatment.
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Table 6. Results of SEM image analyses of granite.

Mean(mm) SD(mm) No. D(mm'")
Reference 0.29 0.17 138 2.71
Dry, -100°C 032 0.26 183 4.01
Wet, -100°C 043 0.27 185 545
Dry, -160°C 042 0.30 187 5.36
Wet, -160°C 041 0.28 230 6.49
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