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Abstract: Geological and hydrological characteristics, joint geometric features, rock physical and 

mechanical properties and rock mass quality are studied in the Beishan area, preselected for China’s 

high-level radioactive waste (HLW) disposal engineering. A comprehensive survey method is developed to 

study joint geometric features in the outcrop and samples from borehole BS06 into the Xinchang rock 

mass were tested. The optimal joint sets are determined by rose diagrams and equal-area lower 

hemisphere plots of joint poles. Results show that: 1) the distribution of joint occurrence obeys a normal 

distribution, while the distribution of joint spacing obeys a negative exponential distribution; 2) concentric 

circular and tangent circular sampling windows are applied to study the trace length and the trace 

midpoint density. Results indicate that tangent circular sampling window is more stable and reasonable; 3) 

Beishan granite shows high density, low porosity and high strength based on many laboratory tests and 

the physical properties and mechanical properties are closely related; and 4) a synthesis index, Joint 

Structure Rating (JSR), is applied to evaluate the quality of rock mass. Through the research results of 

rock mass characteristics, the Xinchang rock mass in the Beishan preselected area has the favorable 

conditions for China’s HLW disposal repository site. 
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1 Introduction 
 

With the rapid development of the nuclear industry worldwide, safe disposal of the considerable high-level 

radioactive waste (HLW) has attracted international attention. The International Atomic Energy Agency 

members meeting passed the ‘International Spent Fuel and Radioactive Waste Safety Convention’ in 1997 and 

has been clear about the responsibility for the safe disposal of HLW for all countries. At the same time, the 

nuclear-armed states should also attach great importance to the safety and disposal of HLW at the national level. 

Although HLW disposal has a long history, its progress has been slow due to various factors. Research and 

design for civilian HLW geological disposal by the USA began in 1957 (Fairhurst, 1993). Finland began 

research in 1976 and determined their disposal repository site in 2001. Germany began to select sites in the 

1960s, but it restarted a new site selection process and plan in 2001. Russia, Canada, Japan, South Korea and 

others nuclear powers has promised to build deep geological sites for HLW and started the related research (Wu 

and Zhao, 2016), but most of the countries have been in the phase of repository and underground laboratory 

construction (McKinley and McCombie, 1996). In a word, safe disposal of HLW is long-term necessary work 

and will need continued attention in the future. 
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The Chinese government has also decided to make a positive policy in the development of nuclear power. The 

planned installed capacity of nuclear power plants (NPP) will be 40 GW by 2020 to reach 4% of the total 

national capacity. With the nuclear power development, more HLW will be generated to dispose. Safe disposal 

of HLW is thus of great national significance. 

Plans for geological disposal of China's HLW started in the 1980s. A 3-step long-term plan was proposed for 

the geological disposal of HLW in 2006 (Fig. 1; Wang et al., 2010). For the first step, from 2006 to 2020, the 

primary objectives are research and site selection. For the second step, from 2021 to 2040, systematic 

underground in-situ tests will be conducted in an underground research laboratory (URL). The repository will be 

constructed from 2041 to 2050. At present, site selection for the URL and repository is the main work in China 

(Wang Ju et al., 2006; Wang et al., 2010; Wang, 2014; Xu et al., 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. 3-step strategy of repository development in China. 

 

 

 

 

In the past 30 years, site selection studies have been done in six potential regions. Rock mass characteristics 

were studied for potential candidate areas. Finally, the Beishan area in Gansu Province, which contains a large 

number of granite intrusions, was identified as the most promising preselected area, as presented in Fig. 2. 

Granite, as the disposal host rock, has two key advantageous factors: nuclides diffusing into the biosphere along 

with groundwater through fractures, and fractures affecting the stability of the rock mass. In view of this, a 

comprehensive study to characterize the rock mass is required to evaluate the pre-selected area. 

Therefore, site characterization was conducted for these sub-areas, such as surface geological, hydrogeological 

and geophysical investigations, borehole televiewer logging, rock physical and mechanical properties, borehole 

radar survey and hydraulic testing. In view of this, estimation of fracture geometric parameters and 

characterization of rock mass structure are the importance parameters for site selection and site characterization 

for the HLW repository. 

In this paper, the rock mass characteristics of the Beishan preselected area for China’s HLW repository are 

studied in detail. Geological and hydrological characteristics, joint geometric features, rock physical and 

mechanical properties and rock mass quality for the Xinchang rock mass in the Beishan preselected area are 

analyzed. An index parameter, Joint Structure Rating (JSR), is put forward to evaluate the quality of the rock 

mass. 
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Fig. 2. The geographical location of Beishan area in Gansu Province, northwestern China (after Zhao X G et al., 2013). 

 

 

 

 

 

 

 

 

2 Geological and Hydrological Characteristics 
 
2.1 Geological characteristics 

The Beishan area (Fig. 2), located in Gansu Province, northwestern China, is a 40,000 km
2
 bedrock area 

consisting of massive granite intrusions. The Beishan preselected area exhibits the typical landscape of a 

relatively flat Gobi Desert (Fig. 3). Population density is very low, the permanent resident population is a 

Mongolian herdsmen and there is no industrial or agricultural activity. Geologically, it is located in the Tarim 

plateau and the Caledonian Hercynian fold belt; Earth's crust after the Mesozoic was still rising and slight crustal 

movements occurred. From the history of regional seismicity (Li et al., 2018), the seismic intensity of the area is 

below than grade VI, and no earthquake with MS>4.75 was  recorded  in history (Wang et al., 2010). In addition, 

the area does not exhibit any obvious seismogenic structure based on seismic geological research. The unique 

natural geological and geographical characteristics are advantageous conditions for the Beishan area as the site 

of an HLW disposal repository. 
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Fig. 3. Satellite image and typical topography of the Beishan area, Gansu Province, northwestern China. 

 

2.2 Hydrological characteristics 

The climate in the Beishan area is arid with low rainfall, high evaporation, and dry winds. The average annual 

rainfall is only 60–80 mm/a, mainly concentrated in June to August. The main source of groundwater is from 

atmospheric precipitation, of which a large amount is lost to evaporation, and so, groundwater in the area is 

limited. This unique hydrogeological environment is advantageous for the Beishan area as the suitable HLW 

repository site. 

 

3 Survey and Statistics of Joint Geometric Features 
 

In spite of the geological and hydrological advantages, joints in the rock mass are unfavorable factors for safe 

disposal of HLW. Joints are widely distributed in granite rock masses and could provide pathways for nuclide 

migration through groundwater to the biosphere. Therefore, it is of great importance to study the distribution of 

joints in the preselected area. 

 

3.1 Survey area and survey method of joints 

A joint survey has been carried out for the Xinchang rock mass in the Beishan area. Figure 4 illustrates the 

method used for the joint survey. Scanline joint mapping was conducted using a graduated tape stretched across 

the outcrop faces, which represented the scanline. Joints intersect the outcrop in three ways (Fig. 4): joint traces 

that directly intersect the scanline are identified with I and a yellow line; joint traces that can be extended to 

intersect the scanline are identified with II and a green line; non-intersecting joint traces are identified with Ⅲ 

and a blue line. In order to calculate statistics more easily, the location of each joint is expressed by a uniform 

data structure {L0, L1, L2, L3}, where L0 and L0’ are the location of the joint endpoints vertically projected to the 

scanline, where L1 and L1’ is the vertical distance between joint endpoint and scanline, where L2 is the extended 

line length from joint endpoint to scanline, and where L3 is the joint trace length. Therefore, the location of the 

joint is defined through the value of L0, L1, L2 and L3 measured by the graduated tape stretched, and the joint trace 

length is the value of L3. The orientation of the joint is measured using a geological compass. The geometric 

parameters geometry of a joint can be described by its trace length, orientation, and location. Joints can be easily 

redrawn by a computer program based on the joint geometric parameters, and trace length and density of joints 

can be estimated through the circular sample window method. Through the survey method, 158 outcrops were 

surveyed in the Xinchang rock mass, as shown in Fig. 5, and 42 of 158 outcrops with 1213 joints are located 

within 1 km
2
 of the BS06 borehole. 

 

 
This article is protected by copyright. All rights reserved. 



ACTA GEOLOGICA SINICA (English Edition) 

 

 
Fig. 4. (a), Photograph of an outcrop showing the placement of a measuring tape for scanline joint mapping; (b), joint types 

based on the intersection relationships between joint and scanline. 

 

 

 

 

 
Fig. 5. The outcrops surveyed in the Xinchang rock mass (from Google Earth). Red circle shows outcrops within 1 km2 of 

the BS06 borehole. 
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3.2 Statistics of joint occurrence 

Joint geometric features formed in any given geological and stress conditions and stress state will have a 

certain statistical regularity. Occurrence of joints is the primary geometric parameter that should first be 

analyzed. As shown in Fig. 6, the occurrence data was analyzed through a rose diagram and equal area lower 

hemisphere plots of joint poles. Joint occurrence around the BS06 borehole is dominated by NEE and NNW 

directions. Three joint dominance groupings are recognized, 66.0°∠79.3°, 259.4°∠70.3° and 168.9°∠71.5°, as 

shown in Table 1. 

 

 

 

 

 

 
Fig. 6. (a), Rose diagram of joint trends; (b), Equal area lower hemisphere plot of poles of joints around BS06 borehole. 

 

 

 

Kulatilake (1985, 1986) found that the distributions of joint occurrence are typically subject to Fisher 

distribution or Bivariate normal distribution. With respect to joints around the BS06 borehole, the probability 

distribution of the dip direction and dips are shown in Fig. 7. It can be seen that the distributions of joint dip 

direction and dip angle roughly obey a normal distribution. Table 2 shows the mean and standard deviation of 

normal distributions for the three optimal joint sets. 

 

3.3 Statistics of trace length and trace midpoint density for joints 

Mean trace length and mean density of trace midpoint are key parameters to characterize joints and have been 

widely studied. For the trace length, Cruden (1977) and Priest and Hudson (1981) used the scanning line method, 

Pahl (1981) and Kulatilake and Wu (1984a) used a rectangular sampling window, and Mauldon (1998) used a 

circular sampling window. Chen (2001) further discussed that the sampling window caused a trace length error. 

For the trace midpoint density, Kulatilake and Wu (1984b) discussed the probability that a trace midpoint is 

located in the sampling window given an assumed distribution of trace length. 

Zhang and Einstein (1998) developed the circular sampling window technique to calculate mean trace length. 

Trace length and trace midpoint density were obtained by the proposed method. The circular window shows 

some advantages in joint data processing as distributions of trace length can be calculated for any orientation of 

joints. When a joint intersects a circular window of finite size, the intersection may occur in three ways: (1) both 

ends are censored; (2) one end is censored and one end is observable; and (3) both ends are observable, as shown 

in Fig. 8. Consider traces of a joint set on a circular sampling window of radius c. If the number of traces in each 

of the above three types are N0, N1 and N2, respectively, the total number of traces, N, will be: 
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Fig. 7. Joint Set No.3: (a), probability distribution of dip direction; (b), probability distribution of dip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Joint intersecting a circular sampling window in three ways. 

 

 

 

 

 

N = N0 + N1 + N2                                                               (1)
 
                                                                

The trace length and trace midpoint density can be calculated by: 
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where ν is trace length; λ is trace midpoint density. 

Three problems should be considered: 1) how to simplify the trace map; 2) how to determine the radius of a 

sampling window; and 3) how to determine the location of the sampling windows. A computer program is 

developed to simplify the trace map. Different sizes of concentric circular and tangent circular sampling 
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windows are used to calculate the trace length and the trace midpoint density. Typical concentric circular and 

tangent circular sampling windows for the one outcrop are shown in Figures 9 and 10. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9. Trace of the outcrop P70 in Fig. 5  and location of concentric circular sampling window. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Trace of the outcrop P70 in Fig. 5  and location of the tangent circular sampling window. 

 

 

 

The statistical results of trace length and trace midpoint density for the outcrop are shown in Tables 3 and 4. 

Trace midpoint density calculated by two sampling windows increases from the location O1 to O2 and decreases 

from the location O2 to O3. Trace length calculated by tangent circular sampling window decreases from location 

O1 to O2 and from location O2 to O3, but the trace length, which is calculated by concentric circular sampling 

windows does not show a consistent tendency from location O1 to O2 or from location O2 to O3. With increasing 

radius for a tangent circular sampling window, trace length is increasing but trace midpoint density is decreasing. 

At the same time, when the tangent circular radius is more than 10 m, the trace length and trace midpoint density 

are approximate. These factors are not related to concentric circular sampling window radius and trace length 

and trace midpoint density. From the above conclusions, it can be determined that the tangent circular sampling 

window is more stable and reasonable for evaluating trace length and trace midpoint density for joint survey data. 

Table 5 lists trace length and trace midpoint density for some outcrops around the BS06 borehole. The mean 

trace length is 13.3 m, classified as a long joint. In addition, the mean trace midpoint density is 7.04×10
−2

 m
−2

, 

classified here as a small density. 

 

3.4 Statistics of joint spacing 

Joint spacing is the vertical distance between adjacent joint planes. It is a key parameter used to characterize 

the integrity of a rock mass. The relationship of measured distance between joints, d0, and true distance, D, (Fig. 

11) is calculated by:  

0 sin sin sinD d d a                                                            (4) 

where d is distance in the scanline; α is the angle between the scanline and the trace; θ is the joint dip. 

The mean spacing for joints around borehole BS06 was calculated and is shown in Table 6. The mean spacing 

of joints is more than 0.6 m, which is a wide spacing according to ISRM (Barton, 1978). With respect to joints 

around the BS06 borehole, the probability distribution of joint spacing is shown in Fig. 12. It can be concluded 
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that the distribution of joint spacing obeys a negative exponential distribution function, which is consistent with 

that of Priest and Hudson (1976, 1981) and Goodman and Smith (1980). 

 

 

 

 

Fig. 11. Sketch of joint spacing: (a) in plan; (b) in profile. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12. Probability distributions of spacing for the optimal joint set number 3 . 

 

 

 

 

 

4 Rock Physical and Mechanical Properties 
 

4.1 Rock description and sample preparation 

The samples used for laboratory tests were collected from borehole BS06 in the Xinchang rock mass. The 

depth of BS06 is 600 m. More than 100 granite samples were prepared including granodiorite and quartz diorite 

from different depths. These samples were divided into six groups, as presented in Table 7. Rock samples were 

processed into cylindrical specimens of ϕ50 mm×100 mm using a cutting machine. The dimensions of 

specimens were  in accordance with the standard requirements of the International Society of Rock Mechanics 

(ISRM, 1978; Ulusay, 2007) with the height and diameter controlled within ±0.3 mm and both ends of the 

specimen flatness within ±0.02 mm (Yin et al., 2016).  
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4.2 Analysis of physical test results 

Basic physical parameters (density, water absorption saturated, porosity, wave velocity, etc.) were measured 

before mechanical tests (Ulusay, 2007). The physical parameters of a specimen are summarized in Table 8. 

Density and porosity are two significant physical properties of rock, which are closely related to mechanical 

behavior. The density of graNodiorite increases from 2.628 to 2.672 g/cm
3
 while the porosity decreases from 

0.356% to 0.210% below −310 m. The density of quartz diorite decreases from 2.98 to 2.71 g/cm
3
 and the 

porosity also decreases from 0.317% to 0.275% from −200 m to −310 m. P-wave velocity is increasing below -

310 m and decreasing from −200 m to −310 m. The results indicate that density and porosity are closely related 

to wave velocity, hydroscopicity, and permeability (Brotons et al., 2013). Therefore, we think that granite has the 

physical properties of high density, low porosity, and low water absorption. 

 

4.3 Analysis of mechanical test results 

Uniaxial and triaxial compression tests were performed on an MTS-815 mechanical testing machine. The 

experimental results are summarized in Table 9. The elastic modulus and strength of granodiorite increases with 

depths below −310 m whereas the elastic modulus and strength of quartz diorite is decreasing from −200 m to 

−310 m. In addition, the Poisson's ratio of granodiorite is 0.22 to 0.28, while that of quartz diorite is 0.31 to 0.32. 

Overall, the uniaxial compressive strength is more than 150 MPa, classified as a hard rock. 

Figure 13 shows the typical stress-strain curves of granite under triaxial compression. From Table 9 and Fig. 

13, we can conclude that the peak strength increases from 250.04 MPa to 415.27 MPa, with increasing confining 

pressure from 5 MPa to 20 MPa. It is worth noting that the stress instantly reduces after rock damage. The 

residual strength of post-failure granite is increased with increasing confining pressure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. The stress-strain curve of granite under triaxial compression. 

 

 

 

5 Evaluation of Rock Mass Quality 
 

In order to evaluate the rock mass quality, many rock mass classification systems have been developed to 

study all factors influencing the safety and stability in rock engineering. There are four rock mass classification 

systems frequently used: RMR, Q, GSl, and RMi (Tzamos et al., 2006). However, there is no classification 

system specified for HLW disposal engineering. There are two special issues: 1) radionuclide migration within 

groundwater to the biosphere through joints; and 2) long-term (~10
5
 a/yr) safety and stability of surrounding 

rock. The parameters used in previous classification systems are mainly rock strength, joint structure, and 

engineering factors. Considering that granite is a hard rock, joint structure is widely distributed in granite, and 

the widely distributed joints would provide migration pathways for nuclides and lower the integrity of the rock 

mass. Therefore, it is of great importance to evaluate the joints in the site selection for HLW disposal. 
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The parameters, characterization of joint structure, are different in the various rock mass classifications. In the 

RMR system, the parameters concerning joint structure are the drill core quality, RQD and the spacing of 

discontinuities, denoted as parameters R2 and R3, and its range extends from 8 to 40. In the Q system, parameters 

concerning joint structure are the RQD and the joint set number Jn and its range extends from 0.25 to 200. In the 

RMi system, the joint structure is represented by the block size Vb, and its range extends from 30 cm
3
 to 1000 m

3
. 

However, with many parameters such as RQD and Vb, the characterization of joint structure in the three methods 

are difficult to measure directly through the outcrop. 

The International Society for Rock Mechanics (1978) has proposed that 11 items are selected to describe 

joints and these items represent the main joint characteristics, respectively. Due to block size determined by the 

number of sets, and joint spacing (density) and trace length, characterization of joint structure can be determined 

by the three parameters based on the RMR system, Q system and RMi system. So, a synthetic index, the Joint 

Structure Rating (JSR) (Wang, G.B. et al., 2010), is developed to characterize joint structure. This is expressed 

as: 

n aJSR W D L
                                                                             (5) 

where Da is the density of trace midpoints per unit area of an outcrop; Da is the rating of mean Da for all the 

outcrop; L is trace length of an outcrop; L is the rating of mean L for all the outcrop; n is the number of optimal 

joint sets; Wn is the rating for optimal joint sets number. JSR can then be calculated; the description and grade of 

joint structure characterization is shown in Table 10. 

Based on the joint surveying data, JSR is calculated for the Xinchang rock mass at the range of 1 km
2
 around 

borehole BS06. The JSR of the Xinchang rock mass is 192, which is classified as very slightly jointed. The JSR 

for the rock mass around the BS06 borehole is 168, which is classified as very slightly jointed. The distribution 

of JSR for the rock mass around borehole BS06 is depicted in Fig. 14. It can be seen that most of the rock mass 

around BS06 is very slightly jointed. The results indicate that the quality of the Xinchang rock mass is good and 

is suitable for China’s HLW disposal repository. 
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Fig. 14. The isogram of JSR for the rock mass around BS06 borehole. 

 

 

6 Discussion 
 

Rock mass characteristic research is necessary for site selection of HLW. In this paper, research including 

geological and hydrological characteristics, joint geometric features, physical and mechanical properties of rock 

and rock mass quality for the Xinchang rock mass were conducted in the Beishan preselected area of Gansu 

province. 

The Beishan area has geological and hydrological conditions beneficial for the site of an HLW repository. 

Considering that joints are sparsely distributed in the granite rock mass, which would influence the safety and 

stability of underground engineering, a joints geometric features survey has been conducted for the Xinchang 

rock mass in the Beishan area. 

Considering the importance for engineering effects and the situation of geological investigation, joint 

geometric features have been defined, including measuring of occurrence, spacing and trace length. There are 

many deviations in the joint measurement for the joint trace length for the limited area of an outcrop. The 

measurement deviations also include sampling bias, orientation bias, size bias, censoring bias, and truncation 

bias. In order to reduce the measurement deviations, Lemy and Hadjigeorgiou (2003) developed a digital face 

mapping methodology to construct joint trace maps from photographs of an outcrop. This provides a fast, robust 
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and objective method for constructing traces; however, there are many limitations, which make it difficult to 

obtain direct joint occurrence data. Hence, a combined field outcrop geological survey and mapping 

methodology has proved a better way to collect joint geometric features. 

The physical and mechanical properties of the granite have been studied (ZHENG et al., 2013). Figures 14 and 

15 show the evolution of the density, porosity, and peak stress with depth. The in-situ stress increases with depth, 

leading to mineral grains densification, and so the density and strength increase and the porosity decreases with 

depth. For graNodiorite, peak stress is closely related to density and porosity. For quartz diorite, the density and 

porosity decrease but peak stress increases with depth. Overall, porosity is a key physical parameter, closely 

related to the strength of the rock (Basu and Mishra, 2014). The results also indicate that physical properties are 

closely related to mechanical properties. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Rock density and peak stress variation with depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 16. Rock porosity and peak stress variation with depth. 

 

 

 

 

A synthesis index, JSR, is proposed to evaluate the Xinchang rock mass quality. We can only evaluate the 

surface rock mass for certain by joint data from the outcrops. The index should be further extended to other types 

of surface rock mass. However, the index does not evaluate underground rock mass for the HLW repository. The 

index should be further studied to be used in the design of the repository. 

 

7 Conclusions 
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To evaluate the potential rock mass for HLW repository, rock mass characteristics including geological and 

hydrological characteristic, joint geometric features, rock physical and mechanical properties and rock mass 

quality are studied for Xinchang rock mass in the Beishan area.  

The geological and hydrological characteristics of the rock mass are favorable for an HLW repository site. 

The data of joint geometric features are surveyed from outcrop for Xinchang rock mass. The joint geometric 

features are studied using statistics and probability analysis. A comprehensive survey method is developed to 

survey joint geometric features. The optimal joint sets are determined by rose diagram and equal area lower 

hemisphere plots of joint poles. Results show that: 1) the distribution of joint occurrence obeys Normal 

distribution function; 2) the distribution of joint spacing obeys a negative exponential distribution. In addition, 

concentric circular and tangent circular sampling windows are applied to survey the trace length and the trace 

midpoint density. Results indicate that tangent circular sampling windows give more stable and reasonable 

results. 

From the laboratory test of granite, it is found that the Beishan granite is characterized by high density, low 

porosity, low water absorption and high strength. The experimental results also indicate that the physical 

properties and mechanical properties are closely related. It is found that the rock mass is very slightly jointed for 

Xinchang rock mass according to JSR. 

From the research results it is concluded that the Xinchang rock mass in the Beishan preselected area has 

favorable properties as a site for China’s HLW disposal geological repository. 
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