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Abstract:



Geological storage is an important concept for high-level radioactive waste (HLW) disposal, and detailed studies are required to protect the environment from contamination by radionuclides. This paper presents a series of geomechanical studies on the site selection for HLW disposal in the Alxa area of China. Surface investigation in the field and RQD analyses on the drill cores are carried out to evaluate the rock mass quality. Laboratory uniaxial and triaxial compressive tests on the samples prepared from the drill cores are conducted to estimate the strength properties of the host rock. It is found that the NRG sub-area has massive granite intrusions, and NRG01 cored granite samples show the best rock quality and higher peak strength under various confinements (0–30 MPa). NRG01 granite samples are applied for more detailed laboratory studies considering the effects of strain rate and temperature. It is observed that the increasing strain rate from 1.0 × 10−5–0.6 × 10−2·s−1 can lead to a limited increase on peak strength, but a much more violent failure under uniaxial compressive tests on the NRG01 granite samples, and the temperature increasing from 20 °C–200 °C may result in a slight increase of UCS, as well as more ductile post-peak behavior in the triaxial compressive tests.
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1. Introduction


Deep geological disposal has been widely accepted as a promising method for the isolation of high-level radioactive waste (HLW) from our environment by the international nuclear community. It is required to carry out extensive research, including tectonic movement, hydraulic conductivity, climate change, engineering stability, human activities, etc., to ensure that the biosphere can be protected from the pollution of radionuclides for a long period. The geomechanical study is of great importance to evaluate the structural characteristics, short-term and long-term deformation and damage behavior of host rock mass, and it has played significant roles in site selection and field experiments in the underground research laboratories (URLs) in many countries [1,2,3,4,5,6,7,8,9].



In China, the plan for HLW disposal includes three steps: (1) laboratory studies and site selection for a repository (2006–2020); (2) underground in situ tests (2021–2040); and (3) repository construction (2041–2050) followed by operation [10]. In the past few years, site characterization and selection focused on Beishan area, Gansu Province in northwestern China, and a series of studies has been conducted involving geological mapping, surface and borehole geophysical survey, hydraulic conductivity testing, in situ stress measurement, rock mechanical testing, and so on [4,11,12]. For a comparative study during the site selection period, Alxa area in Inner Mongolia Autonomous Region is chosen to be a new candidate area due to the occurrence of large blocks of granite intrusions (Figure 1), which is similar to Beishan area.


Figure 1. Geographical location of Alxa area in Inner Mongolia Autonomous Region, China. Modified after [4].
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Various investigations and research have been carried out in Alxa area. Geographical studies show that Alxa area is located in the Gobi Desert in North China and has a relatively flat landscape with some small hills. The annual amount of evaporation is as high as 30-times the rainfall in this area; hence, it is an extremely arid region with very few people living there [13]. According to the tectonic analyses, this area is situated in the region between the central part of the southern Central Asian Orogenic Belt (CAOB) and the Alxa Block [14,15]. Velocity field of crustal movement based on GPS shows that the crust is relatively stable in Alxa area (Figure 2) [16]. Based on the general geological features of Alxa area described above, the Tamusu (TMS) and Nuorigong (NRG) regions are selected as two sub-areas; they are both located in the stable zones between the faults, and two sub-vertical boreholes in each of the two sub-areas were drilled (TMS01, TMS02, NRG01 and NRG02) (Figure 3). Geophysical and hydrological studies have also been conducted in these two sub-areas, and some related results have been reported in [13,17].


Figure 2. Velocity field of crustal movement in the Chinese mainland relative to the stable Eurasia based on GPS. Modified from [16].
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Figure 3. Schematic map of main geological structures in Alxa area. Modified after [15].
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However, the geomechanical properties on the granite intrusions in Alxa area have not been studied so far. In this work, rock mass structure surveys on the exposures in the two sub-areas and statistical analyses on the RQD (rock quality designation index) values obtained from the drill core logs were carried out (Section 2). Mineral compositions of the cores are studied, and the strength properties of the cored samples are analyzed based on laboratory testing results, as well as the mineral distributions (Section 3). Excavation-induced disturbance and earthquakes may lead to different magnitudes of dynamic loading; therefore, mechanical properties on cored samples are studied under different axial strain rates (Section 4). As the fission of HLW can produce heat, which may influence the stability of the surrounding rock, laboratory tests were conducted to study the thermal effect on the cored samples (Section 5). Based on these investigations and analyses, an engineering geological assessment on site selection for HLW disposal in Alxa area is discussed in Section 6.




2. Rock Mass Structure and Characterization


2.1. Rock Mass Structure Studied from Surface Exposures


A surface investigation has been carried out in both the TMS and NRG sub-areas. In the TMS sub-area, borehole TMS01 is surrounded by many small denudation hills, and many outcrops can be found. The grey and dark rock mass is quite weathered with a large number of joints (Figure 4a). The regions around borehole TMS02 is almost flat and covered by Quaternary sands (Figure 4b); however, some outcrops are found about 2500 m away from this borehole (Figure 4c). The jointed granitic rock mass has the same pink color as the cored samples extracted from borehole TMS02.


Figure 4. Typical topography of TMS sub-area, including two regions around (a) borehole TMS01 and (b) borehole TMS02; (c) an outcrop S60°E of Borehole TMS02 with a distance of about 2500 m between them.
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The scanning line method has been applied to survey the rock mass structures. One thousand two hundred twenty eight and 1713 discontinuities have been investigated in these two regions drilled by boreholes TMS01 and TMS02, respectively. It is observed that the discontinuities are mainly shear joints. Figure 5 presents the distribution of dips and strikes of discontinuities measured in the region around borehole TMS01. It is apparent that most of the discontinuities have high dip angles ranging from 50°–85°. The strike covers almost all directions, and the optimal strike falls into the range of 060–080 degrees. According to the corresponding survey in the outcrops drilled by borehole TMS02 shown in Figure 6, most of the discontinuities also have high dip angles (55°~80°), while the range of 15°~30° is a secondary most distributed dip angle. Two optimal strike ranges are 150–130 degrees and 030–060 degrees.


Figure 5. Rock structure survey from natural outcrops around borehole TMS01. (a) Percentage of dip angles; and (b) rosette plot of the strike of the measured discontinuities.
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Figure 6. Rock structure survey from natural outcrops S60°E of borehole TMS02 with a distance of about 2500 m between them. (a) Percentage of dip angles; and (b) rosette plot of the strike of the measured discontinuities.
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The NRG sub-area is mainly covered by Quaternary sands, and very few natural rock exposures can be observed (Figure 7a). Fortunately, there are many quarries tat expose massive granite. However, very few discontinuities can be observed (Figure 7b), and a large number of intact granite blocks explored in the quarries show that the rock quality is very good (Figure 7c).


Figure 7. (a) Typical topography of the NRG sub-area; (b) an open pit; and (c) large intact granite blocks in a quarry of this sub-area.
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Comparatively, based on the surface investigation in the two sub-areas, the TMS sub-area has suffered from much more geological disturbances, and the outcrops show that the near-surface rock mass is quite jointed and discontinuous; whereas the near-surface rock mass in the NRG sub-area is very massive, and very few discontinuities can be observed.




2.2. RQD Analyses from Drilling Cores


RQD developed by Deere [18] is a widely-used method to estimate the underground rock mass quality before excavation. It is defined as the intact core pieces longer than 100 mm in the total length of a core run. RQD closer to 100% means better quality of the rock mass, and an RQD-based classification is always adopted as follows: 0%~25% (very poor rock quality), 25%~50% (poor rock quality), 50%~75% (fair rock quality) and 90%~100% (very good rock quality) [4,18].



The distribution of RQD along with the depth measured based on the core logs from the four boreholes are presented in Figure 8. It should be noted that for boreholes TMS01, NRG01 and NRG02, RQD are measured carefully by each of the core runs, while for borehole TMS02, some average values are used. However, this does not influence the comparative analyses on the rock mass quality among the four boreholes.


Figure 8. Scatter plots of RQD versus depth in the boreholes of: (a) TMS01; (b) TMS02; (c) NRG01; and (d) NRG02. The red lines indicate an RQD value of 90%.
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According to Figure 8, RQD measured for borehole NRG01 shows the best quality, and most of the RQD values are higher than 90%, although some poor cases are observed at the depths around 300 m and 540 m. For the boreholes TMS01 and TMS02, the rock quality is very poor in the shallower depth, and it becomes better with the increase of depth; however, it is still not good enough at the depth of 400~600 m. For borehole NRG02, rock mass quality in the shallower depth is better than the cases in TMS01 and TMS02, but it becomes very poor at the depth of 400~600 m.



Figure 9 shows the RQD measurements in the boreholes drilled in Beishan (BS) area [4], and it can be found that the boreholes BS05 and BS06 show the best rock mass qualities. In the Alxa area, only borehole NRG01 shows comparable RQD values with these two boreholes in the Beishan area.


Figure 9. Scatter plots of RQD versus depth in the boreholes of the Beishan (BS) area in Gansu Province, China. The red lines indicate an RQD value of 90%. Modified from [4].
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A detailed comparison on the proportion of different rock mass qualities based on the boreholes of TMS01, TMS02, NRG01, NRG02, as well as the nine boreholes from Beishan area [4] is presented in Table 1 and Figure 10. It is obvious to see that the boreholes NRG01 and NRG02 show quite better rock mass quality than the boreholes TMS01 and TMS02, while the borehole NRG01 shows better quality than the average condition of the nine boreholes from the Beishan area.


Figure 10. Proportion of different rock mass qualities based on the RQD analyses.
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Table 1. Proportion of different rock mass qualities based on the RQD analyses.







	
RQD (%)

	
TMS01

	
TMS02

	
NRG01

	
NRG02

	
Beishan [4]






	
0–25 (very poor)

	
16.62%

	
12.07%

	
2.08%

	
3.64%

	
2.90%




	
25–50 (poor)

	
21.41%

	
12.93%

	
2.08%

	
5.58%

	
3.80%




	
50–75 (fair)

	
32.68%

	
20.69%

	
6.93%

	
12.62%

	
7.30%




	
75–90 (good)

	
22.25%

	
17.24%

	
13.86%

	
13.83%

	
17.90%




	
90–100 (excellent)

	
7.04%

	
37.07%

	
75.06%

	
64.32%

	
68.10%











2.3. Discussion


According to both the investigation on surface exposures and RQD classifications in the two sub-areas, it can be seen that the rock in the NRG sub-area is more massive than that in the TMS sub-area. Furthermore, RQD values show that the cores in borehole NRG01 have better rock mass quality, and RQD values in NRG01 are close to the best cases in Beishan area.



Consequently, more detailed research should be conducted in the region around borehole NRG01. In next section, some laboratory studies on the cored samples from NRG01 will be carried out. For comparison, corresponding experiments will also be performed on some samples from borehole TMS01.





3. Laboratory Studies on the Strength Properties of Cored Samples


Strength is a very important property for the stability of the surrounding rock. This section will study the strength properties of the intact granite samples from boreholes TMS01 and NRG01 under different confinements.



3.1. Rock Samples


The samples are prepared from the drilling cores from boreholes TMS01 and NRG01 at the depth of 500~600 m. All of the samples are intact and have the same size of 100 mm in height and 50 mm in diameter. The preparation precision is based on the ISRM (International Society for Rock Mechanics) suggested method [19,20].



Figure 11 presents the pictures of the typical samples from boreholes TMS01 and NRG01. Figure 11c,d shows the cross-sections of the samples in Figure 11a,b. The grey granite sample from borehole TMS01 has about 45% plagioclase (grain size 2.0~4.0 mm), about 25%~30% quartz (grain size 1.5~3.5 mm), about 10% hornblende, about 10% K-feldspar, about 5% biotite and about 5% of other dark minerals. The pink granite sample from borehole NRG01 has about 35% K-feldspar (grain size 2.0~22.0 mm), about 35% plagioclase (grain size 2.0~5.0 mm), about 25% quartz (grain size 2.0~4.0 mm) and about 5% other dark minerals.


Figure 11. Typical samples (height: 100 mm; diameter: 50 mm) from the boreholes of TMS01 (a,c) and NRG01 (b,d).
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Apparently, NRG01 granite is more coarse and heterogeneous than TMS01 granite. Besides, TMS01 samples are observed to be foliated, to some extent, by the formation of some gneissosity, while NRG01 granite samples are more massive and unfoliated.




3.2. Strength Properties of Cored Samples under Different Confinements


Uniaxial and conventional triaxial compressive tests on the samples from both boreholes TMS01 and NRG01 have been carried out in a servo-controlled stiff test machine with the axial strain rate of 1.0 × 10−5·s−1. The peak strength of the samples under various confinements (0~30 MPa) is plotted in Figure 12a. For comparison, the test results on BS06 granite samples from the Beishan area in Gansu Province are also presented [21]. It is apparent that the strength values of NRG01 samples under various confinements are close to the values of BS06 samples, while they are significantly higher than the strength values of TMS01 samples.


Figure 12. (a) Hoek–Brown envelopes and (b) Coulomb–Mohr envelopes based on the uniaxial and triaxial test results on the TMS01 and NRG01 samples, compared with the results on the BS06 samples from the Beishan area, Gansu Province [21].
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Peak strength envelopes are plotted in Figure 12a according to the Hoek–Brown criterion [22] shown as:


[image: there is no content]



(1)




where [image: there is no content] and [image: there is no content] are the maximum and minimum effective principal stresses, σci is the uniaxial compressive strength (UCS) of intact rock and mb is a reduced value of the intact rock material parameter mi, which is usually determined by a series of triaxial compressive tests under various confinements and is given by:
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(2)




where GSI (Geological Strength Index) is developed by Hoek et al. [23] and can be used to estimate the strength reduction of rock mass considering the rock structure and joint surface conditions and D is a factor depending on the degree of disturbance, varying from zero for undisturbed rock to one for very disturbed rock masses.



s and a in Equation (1) are two constants for rock mass and are given by:
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(3)
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(4)







In the present study, we focus on the strength properties of the intact rock based on the tests on the cored samples; GSI = 100 and D = 0 are used, and so mb = mi, s = 1.0 and a = 0.5. Figure 12a gives the fitted peak strength envelopes for the intact rock samples from the boreholes of TMS01, NRG01 and BS06. In the future, more detailed knowledge on the rock structure and joint conditions can be considered to study the reduced strength properties with the Hoek–Brown criterion.



Another one of the most widely-used strength criteria in rock engineering application is the Coulomb–Mohr criterion, which is expressed as:
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(5)




where shear strength τ is composed of a constant cohesion c and a frictional component dependent on normal stress σn and [image: there is no content] is the inner frictional angle. σn and τ are always calculated using the stress transformation Equations (6) and (7) [24] given by:
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(6)
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(7)




where β is the acute angle between the shear plane and the direction of σ3, and it has a relationship with [image: there is no content] shown as:
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(8)







Consequently, the shear strength τ and normal stress σn can be obtained based on the peak strength values under different confinements, and they are plotted in Figure 12b. Linearly-fitted Coulomb–Mohr envelopes are also presented.



Based on the peak strength of different granite samples under different confinements and the calculated Hoek–Brown and Coulomb–Mohr parameters presented in Table 2, several observations are obtained as follows:

	(1)

	
NRG01 granite samples have a higher peak strength than TMS01 samples under various confinements ranging from 0–30 MPa. The existence of biotite and gneissosity may be two main reasons reducing the strength of TMS01 granite samples.




	(2)

	
In general, NRG01 granite samples have comparable peak strength values as BS06 granite samples under different confinements. In a more detailed comparison, it can be found that NRG01 samples have lower peak strength under low confinements, while higher peak strength under high confinements than BS06 samples. This observation is consistent with the results presented in Table 1, i.e., NRG01 samples have lower σci and c values while higher mi and [image: there is no content] values than BS06 samples. This may be caused by the different grain sizes. Compared with Figure 11b and Figure 13, it is apparent that NRG01 samples have much larger grain scales than TMS01 samples. Eberhardt et al. [25] found that rock strength will decrease with increasing grain size under uniaxial compression, as larger grains may supply longer paths of weakness for growing cracks to propagate along. This finding can explain the lower peak strength of NRG01 samples with a larger grain size under low confinements well. With the increasing confinement, shear failure becomes the dominant failure mode, and larger grain sizes make it difficult to form shear planes; therefore, the inner frictional angle increases. The recommended values mi proposed by Hoek show that the coarse texture may result in a higher mi value for the same rock group [26], which is also consistent with the test results in this study.


Figure 13. Grain scales and distribution of BS06 samples from the Beishan area, Gansu Province [27].
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Table 2. Strength properties of the cored granite samples.







	
Samples

	
mi

	
σci (MPa)

	
c (MPa)

	
[image: there is no content] (°)






	
TMS01 granite

	
15.3

	
97.9

	
19.9

	
47.2




	
NRG01 granite

	
43.3

	
134.4

	
20.1

	
57.5




	
BS06 granite [21]

	
28.4

	
169.3

	
30.2

	
53.3










Laboratory studies on the strength properties of the cored samples show that TMS01 granite has significantly lower strength than NRG01 granite under different confinements. Therefore, more detailed research should focus on NRG01 granite samples.





4. Dynamic Effect on the Mechanical Properties of NRG01 Granite


Disturbance during the construction induced by excavation and seismicity during the operation induced by earthquakes may both have influences on the stability of underground space. It should be noted that different magnitudes of the disturbances from different distances will lead to dynamic loading with different strain rates on the surrounding rock mass [28]. Therefore, it is necessary to study the effect of strain rate on the strength properties and failure patterns of the host rock.



Uniaxial compressive tests under various strain rates (1.0 × 10−5, 1.0 × 10−4, 1.0 × 10−3 and 0.6 × 10−2·s−1) have been conducted on NRG01 granite samples. It is noted here that the highest strain rate in this study was set to be 1.0 × 10−2·s−1 when the tests were conducted; however, the true strain rate of the sample is 0.6 × 10−2·s−1 actually, because the test machine cannot be absolutely stiff, and the deformation of the machine cannot be ignored at such a high strain rate.



Peak strength and failure patterns obtained from the tests are presented in Figure 14 and Figure 15, respectively. Generally speaking, a higher strain rate leads to a higher peak strength, but UCS increases only about 19.3% from the rate of 1.0 × 10−5–0.6 × 10−2·s−1. However, the failure patterns show a more significant influence of strain rate. Under the strain rate of 1.0 × 10−5·s−1, only a few tensile fractures can be observed in the sample. When the strain rate increases to 1.0 × 10−4·s−1, more fractures occur, and many tiny particles fly out from the fractures; however, the sample can still stand there and keeps the general cylindrical shape. Under the strain rates of 1.0 × 10−3 and 0.6 × 10−2·s−1, violent failure happens with a loud noise, and the sample is totally fractured with many fragments with different sizes thrown at different distances. These test results show that increasing strain rate may increase the UCS of NRG01 granite samples to a little higher value; however, it will also result in a much more violent failure of the samples owing to a sudden release of energy.


Figure 14. Peak strength of NRG01 granite samples under various strain rates in uniaxial compressive tests.
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Figure 15. Failure modes of NRG01 granite samples under the strain rates of (a) 1.0 × 10−5·s−1; (b) 1.0 × 10−4·s−1; (c) 1.0 × 10−3·s−1 and (d) 0.6 × 10−2·s−1 in uniaxial compressive tests.
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Compared with the conventional uniaxial compressive test under the strain rate of 0.6 × 10−2·s−1, another test is conducted on an NRG01 granite sample packed with a heat shrinkable tube under the same strain rate. The heat shrinkable tube is usually used in the triaxial compressive test to isolate the sample from the oil in the loading cell. Interestingly, it is found that the peak strength of the sample increases only by 7.3% packed with the heat shrinkable tube; however, the failure is much more stable (Figure 16). Although the sample is also quite fractured, no fragments have been thrown, and the sample almost retains its original shape. The soft ductile tube dissipates much of the energy released suddenly; consequently, the failure occurs in a stable manner under such a high strain rate. This test result shows that a soft ductile support cannot increase the strength of the surrounding rock mass significantly; nevertheless, it is very useful to protect the underground opening from a violent failure.


Figure 16. Failure modes of an NRG01 granite sample packed with a heat shrinkable tube under the strain rate of 0.6 × 10−2·s−1 in uniaxial compressive tests.
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The conventional triaxial compressive tests are also conducted on NRG01 samples under different strain rates. Figure 17 shows the peak strengths of the samples from the tests under strain rates of 1.0 × 10−5 and 0.6 × 10−2·s−1 and the confinements ranging from 0–10 MPa. It is observed that both Hoek–Brown and Coulomb–Mohr peak strength envelopes are almost parallel with their cases under different strain rates, which shows that with increasing strain rate, the Hoek–Brown parameter mi and inner frictional angle [image: there is no content] almost keep constant, while cohesion c increases. This observation is consistent with the conclusion in [28]. Compared with the results from the uniaxial compressive tests, the strain rate has a less obvious influence on the failure patterns under the confinements. Higher strain rates always result in more fractures; however, the confinement, even if as low as 1 MPa, keeps the sample from violent failure.


Figure 17. (a) Hoek–Brown envelopes and (b) Coulomb–Mohr envelopes of NRG01 granite samples under various strain rates.
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5. Thermal Effect on the Mechanical Properties of NRG01 Granite


The high-level radioactive waste will produce heat and may have a thermal effect on the surrounding rock mass in the underground storage [29]; hence, the effect of temperature on the strength of host rock plays an important role in the assessment of site selection for underground geological disposal. A very wide range of temperatures from room temperature to 600 °C, 800 °C or even higher than 1000 °C has been considered in the previous studies, and the test results always show that the strength of granite decreases with the increasing temperature [30,31,32]. However, according to the multi-barrier principle used by the international nuclear community for the conceptual designs of HLW disposal, besides the host rock as the natural barrier, the engineered barriers include the waste itself, the canisters and the buffer, which is always low-permeable clay, for embedding the canisters, as well as seals and fills in the holes or tunnels [3]. In fact, the maximum temperature on the surface of waste canisters is usually controlled to be lower than 100 °C–120 °C based on the conceptual designs of different countries [33,34,35,36]; therefore, the temperature of the host rock will be even lower. Take the Canadian concept for example; it is expected to lead to an increase of the temperature in the host rock up to 85 °C [2]. Extensive numerical analyses have been carried out to predict the changing temperature. Guo’s model shows that the peak temperatures of the canister surface and tunnel surface are 117.0 °C and 69.0 °C, respectively, for a deep repository in Canada [34]. Based on a Japanese concept, five teams from different countries built thermo-hydro-mechanical coupling models, and the predictions show that the maximum temperature of about 75 °C~80 °C will be reached at the surface of the waste canister [37]. According to the geomechanical properties of the Beishan area in China, Liu et al. [38] used a thermo-mechanical model, and the result shows that the maximum temperature of the host rock will reach 80 °C with a 4-m spacing between the tunnels. Consequently, more detailed research should focus on the range closer to the caused temperatures according to the conceptual designs. In this study, various temperatures ranging from 20 °C (room temperature) to 200 °C are considered to research their effects on the strength properties of NRG01 granite samples.



Each sample is heated to the target temperature with a heating rate of about 2 °C/min at first. The heat-treated samples are applied to conduct uniaxial and triaxial compressive tests with an axial strain rate of 1.0 × 10−5·s−1.



The uniaxial compressive strengths of NRG01 granite samples affected by different temperatures are plotted in Figure 18a. Generally speaking, the influence of temperature (20 °C–200 °C) on the UCS of NRG01 granite is quite limited. Nevertheless, for a more detailed analysis, it is observed that UCS increased slightly with the increasing temperatures. Similar observations have been reported in [39,40]. In [40], based on the SEM technique, micro-cracks have been observed in Indian granite under various temperatures ranging from 30 °C–160 °C. It should be noted that the width of pre-existing micro-cracks increases from 30 °C–65 °C, corresponding to a slight decrease of UCS; thereafter, the width decreases with increasing temperature, and no obvious development of new micro-cracks has been observed at any temperature up to 160 °C. This finding may be helpful to analyze the strength characteristics under various temperatures; however, more detailed observations on the effect of temperature on the behaviors of micro-cracks and minerals of NRG01 granite should be conducted in future work.


Figure 18. Thermal effect on the (a) uniaxial compressive strength and (b) failure envelope of NRG01 granite samples.



[image: Sustainability 08 01329 g018]






Figure 18b presents the peak strength of heat-treated NRG01 granite samples (20 °C, 100 °C and 200 °C) under various confinements (0, 5, 10, 20 and 30 MPa), and it is found that the Hoek–Brown envelopes are very close. On the whole, temperature (20 °C–200 °C) has quite limited influence on the peak strength of NRG01 granite samples under various confinements (0–30 MPa).



The complete stress-strain curves of the tests on NRG01 granite samples under different temperatures (20 °C, 100 °C and 200 °C) and confinements (5, 10, 20 and 30 MPa) are plotted in Figure 19. Under each confinement, the temperature has no obvious influence on the pre-peak behavior of NRG01 samples; however, it is observed that a higher temperature may lead to a more ductile post-peak behavior.


Figure 19. Thermal effect on axial stress-strain curves of NRG01 granite samples under the confinement of: (a) 5 MPa; (b) 10 MPa; (c) 20 MPa; and (d) 30 MPa.
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6. Conclusions


Geomechanical study is very important in site selection for safe geological disposal of HLW. Rock mass quality and strength properties of the rock material should be considered to evaluate the stability of the host rock. In addition, disturbance induced by the underground excavation and earthquakes, as well as the heat produced by HLW should also be studied for their effects on rock stability.



Surface investigations show that the NRG sub-area has massive granite intrusions, while the outcrops in the TMS sub-area are seriously weathered and jointed. RQD analyses on the core logs from four 600-m sub-vertical boreholes also show that the deep rock mass quality in the NRG sub-area is better, and NRG01 cored samples present the best quality, which is comparable with the good cases in the Beishan area, Gansu province.



Laboratory uniaxial and triaxial compressive tests on the well-prepared samples from the drill cores show that NRG01 granite samples have higher peak strength under various confinements ranging from 0–30 MPa than TMS01 samples, and it is found that the lower strength of TMS01 samples is caused by the existence of biotite and gneissosity. NRG01 samples have generally comparable peak strength under various confinements as BS06 samples from the Beishan sub-area; however, the larger grain scales lead to lower σci and c values, while higher mi and [image: there is no content] values for the NRG01 samples.



Uniaxial and triaxial compressive tests under different axial strain rates supply a way to study the effect of disturbance with different magnitudes on the stability of rock. Increasing the strain rate from 1.0 × 10−5–0.6 × 10−2·s−1 can only increase the UCS of NRG01 granite samples by about 19.3%; however, it can result in much more violent failure. It is found that the heat shrinkable tube can dissipate considerable energy released suddenly and protect the sample from a violent failure, which means that the soft ductile support has a limited effect on strengthening the host rock, but it is very useful in preventing the underground opening from a violent failure. It is also found that the peak strength of NRG01 samples under various confinements (0–10 MPa) increases with the increasing strain rate; however, Hoek–Brown parameter mi and inner frictional angle [image: there is no content] almost keep constant, but cohesion c increases significantly.



Temperatures ranging from 20 °C–200 °C have a limited effect on the peak strength of NRG01 granite samples under various confinements (0–30 MPa). However, from a more detailed perspective, the UCS of NRG01 granite increases slightly with the increasing temperatures. Complete stress-strain curves obtained from triaxial compressive tests show that the pre-peak behavior of NRG01 samples is almost independent of the changing temperature, while the post-peak behavior becomes more ductile with the temperature changing from 20 °C–200 °C.



Based on the field and laboratory studies on the site selection for HLW disposal in the Alxa area, the NRG sub-area has massive granite intrusions, and NRG01 cored granite samples have higher strength than TMS01 samples. The geomechanical properties of NRG01 granite considering various strain rates and temperatures can also supply parameters for the modelling analysis in further studies. However, this paper only covers some basic geomechanical studies for a series of comparing analyses on different candidate areas, and more extensive and rigorous in situ and laboratory research must be carried out to give reliable data for the safety design of the repository. For example, more boreholes should be drilled in the NRG sub-area to make clear the structure and mechanical properties of the rock mass. In addition, the seepage properties of the cored samples should also be studied to evaluate the risk of radionuclide migration. Due to the long-lasting period of geological storage, the creeping behavior of the host rock is also very important. Furthermore, for an expected area for HLW disposal, underground laboratory geomechanical tests should be conducted considering the in situ complex conditions including the in situ stresses, rock mass structures, water conditions, etc., and the influence of excavation methods and temperature on the damage of the surrounding rock mass should also be taken into consideration. These studies will be conducted in future work.
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