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With the rapid development of nuclear power in China, the disposal of high-level radioactive waste
(HLW) has become an important issue for nuclear safety and environmental protection. Deep geological
disposal is internationally accepted as a feasible and safe way to dispose of HLW, and underground
research laboratories (URLs) play an important and multi-faceted role in the development of HLW re-
positories. This paper introduces the overall planning and the latest progress for China’s URL. On the
basis of the proposed strategy to build an area-specific URL in combination with a comprehensive
evaluation of the site selection results obtained during the last 33 years, the Xinchang site in the Beishan
area, located in Gansu Province of northwestern China, has been selected as the final site for China’s first
URL built in granite. In the process of characterizing the Xinchang URL site, a series of investigations,
including borehole drilling, geological mapping, geophysical surveying, hydraulic testing and in situ
stress measurements, has been conducted. The investigation results indicate that the geological,
hydrogeological, engineering geological and geochemical conditions of the Xinchang site are very suit-
able for URL construction. Meanwhile, to validate and develop construction technologies for the Beishan
URL, the Beishan exploration tunnel (BET), which is a 50-m-deep facility in the Jiujing sub-area, has been
constructed and several in situ tests, such as drill-and-blast tests, characterization of the excavation
damaged zone (EDZ), and long-term deformation monitoring of surrounding rocks, have been performed
in the BET. The methodologies and technologies established in the BET will serve for URL construction.
According to the achievements of the characterization of the URL site, a preliminary design of the URL
with a maximum depth of 560 m is proposed and necessary in situ tests in the URL are planned.
© 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

gain knowledge about thermo-hydro-mechanical-chemical-
biological-radiological (THMCBR) processes in geological and

Safe disposal of high-level radioactive waste (HLW) is a chal-
lenging task for the sustainable development of nuclear energy and
environmental protection. Geological disposal is considered to be a
feasible and safe option for the long-term management of HLW
worldwide, and many countries have considered building deep
geological repositories (DGRs) in which to dispose of spent fuel or
vitrified HLW. In order to investigate the suitability of geological
rock formations such as crystalline, clay and salt rocks for hosting
DGRs, to develop and test disposal concepts and technologies, to
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engineered barriers, and finally to assess and demonstrate the
long-term performance and safety of DGRs, a number of under-
ground research laboratories (URLs) have been constructed around
the world (Kickmaier and McKinley, 1997; Nuclear Energy Agency
(NEA), 2001; Zhang et al., 2006; Wang, 2007).

URLs can generally be divided into generic URLs and site-specific
URLs. Generic URLs are facilities developed for research and testing
purposes at a site that will not be used for waste disposal, while
site-specific URLs are facilities developed as a potential site for
waste disposal and a precursor to the development of a repository
at the site (Nuclear Energy Agency (NEA), 2001; Ahn and Apted,
2010). Over the past few decades, generic URLs have been devel-
oped within pre-existing underground excavations, such as mines
and tunnels, e.g. the Grimsel test site and Mont Terri road tunnel in
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Switzerland and the Tournemire facility in France. There are also
purpose-built generic URLs in specific rock types, such as the Aspd
Hard Rock Laboratory in granite in Sweden and the Whiteshell URL
in granite in Canada. The site-specific URL may be constructed
either adjacent to or within the proposed repository location. Site-
specific URLs include the ONKALO URL in granite in Finland, the
Meuse/Haute Marne URL in claystone in France (Delay et al., 2010),
the Gorleben URL in salt in Germany, and the ESF in volcanic tuff in
the United States (Nuclear Energy Agency (NEA), 2001).

In 2014, the concept of the area-specific URL was firstly pro-
posed by Wang (2014). An area-specific URL is a facility at a site
within an area under consideration for a HLW repository, or
located near a future repository site, and may be a precursor to the
development of a repository at the site. The area-specific URL acts
as both generic URL and site-specific URL to some extent. It aims
to investigate host rock suitability, conduct general research and
development (R&D), guide the layout of disposal tunnels and the
design of the repository, and demonstrate technological opera-
tions. When a general area has been identified as the first top
priority area for a repository, but a specific site has not been
selected, an area-specific URL can be built as long as the site has
similar geological, hydrogeological, engineering geological con-
ditions and environments to those of a future in-depth repository
site. The area-specific URL has a potentially important role, i.e. if
the site characterization and experiments conducted in the URL
demonstrate that the site is suitable for a repository, the process of
selecting and confirming the site will be accelerated (Wang, 2014).
Meanwhile, all experience and investigation results obtained from
such a URL can be transferred directly to the future DGR in the
selected area.

The development of URLs is one of the most important stages
in national geological disposal programs. With the rapid devel-
opment of nuclear energy in China, challenges with respect to the
safe disposal of HLW are increasing. To meet these challenges,
China plans to build a URL for the geological disposal of HLW
around 2020. This paper introduces the overall planning, site se-
lection, site characterization and in situ test plan for China’s first
URL.

2. Overall planning for China’s URL development

The Chinese government has decided that the installed capacity
of nuclear power plants (NPPs) will reach 58 GW by 2020, with an
additional 30 GW under construction (The State Council of China,
2012). The spent fuel generated from those NPPs will reach
83,000 tons by 2050. The Chinese policy for HLW disposal is that
the spent fuel from light-water reactors should be first reprocessed,
then vitrified, and finally geologically disposed. The preliminary
repository concept proposed is a shaft-tunnel model located in
saturated zones of granite (Wang, 2010; Chen et al., 2012; Liu et al.,
2014; Zhao et al., 2014a). The Chinese strategy for HLW disposal can
be characterized by three typical stages: (1) laboratory studies and
site selection for the HLW repository (2006—2020), (2) under-
ground in situ testing (2021—2040), and (3) repository construction
(2041-2050). One of the major milestones is to complete the URL
construction by 2020 (China Atomic Energy Authority (CAEA),
2006).

The 13th Five-year Plan for the National Economy and Social
Development of China (2016—2020) determined that “the con-
struction of China’s URL should start before 2020”, while the
completion of the URL construction will be around 2024. The
successful construction of the URL relies on the overall planning
including a definition of the strategy, a technical road map,
functions of the URL, a plan for in situ tests, and technical
preparations.

2.1. URL strategy

As introduced above, URL types include generic URLs, site-
specific URLs and area-specific URLs. It is presently not necessary
for China to build a generic URL. If we plan to build a site-specific
URL, the site for the future repository has to be selected. Howev-
er, it is difficult to have a repository site right now because of the
long approval process. The most suitable option is thus to build an
area-specific URL (Wang, 2014). With this basic understanding, the
major considerations of the URL strategy are as follows:

(1) To build an area-specific URL in a representative granite
formation within the area that has been identified as having
the greatest potential for a geological repository in China.

(2) The URL will be a large-scale facility with full functionality.

(3) The URL will be about 500 m deep, similar to the depth of the
future repository.

(4) The URL should be expandable.

(5) The URL will serve for technology development and
demonstration, site characterization, and public acceptance.

(6) The URL will be open to domestic and international coop-
eration in the R&D of HLW repositories in granite.

2.2. Technical road map

On the basis of a nationwide comparison and intensive
consultation, the China Atomic Energy Authority (CAEA) and the
Ministry of Environment Protection (MoEP) decided in July 2011
that the Beishan area in Gansu Province can be regarded as the first
priority area for China’s HLW repository. This important decision
has provided a sound basis for URL site selection. The technical road
map for the construction of the “Beishan URL” is divided into four
stages:

(1) Site selection and characterization for the URL;

(2) A feasibility study for the URL;

(3) Preliminary design and detailed design for the URL; and
(4) Construction of the URL.

In stage 1, site selection and characterization for the URL was
mainly conducted in the Beishan area during 2016—2017. Candidate
sites from Xinjiang and Inner Mongolia regions were also consid-
ered for a comprehensive comparison.

During the feasibility study stage, the site will be confirmed,
preliminary approval from the local government of Gansu Province
and the MoEP will be obtained, data needed for design will be ac-
quired, and other specific reports, such as an environment impact
assessment report and a safety assessment report, will be prepared.
Design criteria for the URL will also be determined.

2.3. Functions of the Beishan URL
The following functions are planned for the Beishan URL:

(1) To characterize the deep environment of the representative
Xinchang granite site, including geological, hydrogeological,
geochemical and geomechanical conditions;

(2) To develop and demonstrate disposal concepts by con-
ducting full-scale experiments;

(3) To develop technologies and equipment for excavation and
construction of the repository, emplacement of HLW canis-
ters, backfilling and sealing of boreholes, tunnels and shafts,
and to evaluate the cost of repository construction;
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(4) To provide in situ data of the site for validation and verifi-
cation of scientific tools used in predicting the long-term
performance and assessing the safety of the repository;

(5) To provide a platform for the public to understand the
disposal technology and the safety of the disposal system,
and to build confidence in geological disposal; and

(6) To provide a platform for domestic and international ex-
change and personnel training, and to provide logistics for in
situ tests and staff.

2.4. Technical preparations

To construct the Beishan URL in line with the plan, technical
preparations began in 2013 with regard to site selection, develop-
ment of excavation technology, and preliminary design of the URL.
The CAEA approved two important projects. The first project is
“Studies on Construction and Safety Technologies for URL”, while
the second is “Site Selection and Preliminary Design for URL”. The
Beijing Research Institute of Uranium Geology (BRIUG) is currently
leading these two projects. In the first project, a tunnel called the
Beishan exploration tunnel (BET) has been under construction
since June 2015. The tunnel is a 50-m-deep facility for developing
technologies associated with safe construction and operation of the
URL. This paper presents most of the achievements of the two
projects.

3. Site selection for China’s URL

As China will build an area-specific URL, the site selection for
the URL is connected with the site selection activities for the
future repository. This means that a suitable area for the URL
should be firstly selected according to the results obtained in the
repository site selection process, and the URL site will then be
determined within that area by considering the specific re-
quirements and by using the siting criteria for the URL. This is the
overall technical procedure for the site selection of the area-
specific URL.

3.1. Siting criteria for the URL

The siting criteria for the URL comprise basic considerations,
excluding criteria and specific criteria. The basic considerations for
the URL are as follows:

(1) The URL should be located within a preferred area for the
HLW repository.

(2) The URL should be constructed in a representative rock
formation.

(3) The URL should provide conditions for various underground
in situ tests.

(4) The URL should be approved by local government and local
citizens.

(5) The URL should follow the national laws and regulations for
engineering construction and environmental protection.

The excluding criteria are that the URL should not be in:

(1) Areas where the effects of neo-tectonic processes, seismic
activities, volcanism, folding, diapirism or other geological
process are not acceptable;

(2) Areas of severe sea-level change, corrosion/subsidence,
glaciation, severe change in the surface water level and
groundwater level, severe uplifting and subsidence or po-
tential geo-hazards;

(3) Areas of potential mineral resources, oil/gas resources, or
water resources;

(4) Areas of existing underground engineering projects that
could provide channels for radionuclide migration;

(5) Areas that could be flooded by existing or future reservoirs;

(6) Environmentally sensitive areas; and

(7) Areas unacceptable to the public or stakeholders or that have
social impacts.

The specific criteria include geological, future natural changes,
hydrogeological, geochemical, engineering and construction
criteria and land-use, socioeconomic and human conditions.

3.2. Siting process for the URL

Site selection for China’s HLW repository started in 1985. The
overall siting process was divided into four stages (Wang et al.,
2004, 2006; Wang, 2010): nationwide screening, regional
screening, area screening and site confirmation. Since 1986, the
following activities have been conducted for site selection:

(1) Nationwide screening (1985—1986). Six regions were
selected as potential regions: southwestern China region,
eastern China region, Inner Mongolia Region, southern China
region, northwestern China region, and Xinjiang region.

(2) Regional screening (1986—1989). From the results obtained
in the previous stage, further investigation was conducted
and 21 candidate areas were selected. In the northwestern
China region, the Beishan area in Gansu Province is consid-
ered as the most potential area.

(3) Area screening (1990—present). Since 1990, major efforts
have been concentrated on the Beishan area. However, since
2011, the drilling of granite intrusions in Xinjiang and Inner
Mongolia has also been conducted to find suitable sites for
the purpose of comparison with the Beishan site.

The siting process for China’s first URL in granite, beginning in
2015, is based on the achievements mentioned above for repository
site selection. The process includes the following considerations:

(1) To determine siting criteria for the URL;

(2) To select candidate URL sites from the Beishan preselected
region, Xinjiang preselected region, and Inner Mongolia
preselected region for the HLW repository;

(3) To preliminarily select a preferred candidate URL site and a
back-up URL site in a review meeting attended by senior
experts and organized by BRIUG; and

(4) To decide the preferred URL site and the back-up site in a
review meeting attended by senior experts and organized by
CAEA.

A total of nine candidate sites (see Fig. 1) have been chosen for
comparison and selection. These sites are:

(1) Jiujing, Xinchang, Shazaoyuan, and Suanjingzi sites in the
Beishan preselected region;

(2) Aqgishan, Tianhu, and Yamansu sites in the Xinjiang pre-
selected region; and

(3) Tamusu and Nuorigong sites in the Inner Mongolia pre-
selected region.

Comprehensive geological, hydrogeological and geophysical
investigations based on surface mapping and drilling of deep
boreholes have been conducted in parallel at these candidate sites,
providing a sound basis for comparison. The final results were that
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Fig. 1. Distribution of the nine candidate URL sites in northwestern China.

the Xinchang site in the Beishan region was selected as China’s first
URL site while the Shazaoyuan site was selected as the back-up site.
Consequently, China’s first URL is named the Beishan Underground
Research Laboratory or Beishan URL.

3.3. Comparison among the candidate URL sites

According to the established siting criteria for the URL, a step-
wise site selection was made in 2015.

3.3.1. Comprehensive comparison of the nine candidate sites

As mentioned above, a systematical comparison was carried out
among the nine candidate sites in the Beishan, Xinjiang, and Inner
Mongolia preselected regions:

(1) Geological conditions. All nine sites are located in the pre-
selected regions for the HLW repository, while the main host
rock type is granite with adequate volume and depth. The
geological conditions satisfy the requirements of safe con-
struction and operation. In terms of rock quality and the
engineering suitability index Quw (see Section 3.4), the
Xinchang, Shazaoyuan, Suanjingzi, Yamansu, Aqishan and
Nuorigong sites have greater potential.

(2) Future natural changes. All nine sites meet requirements.

(3) Hydrogeological conditions. All nine sites are characterized
by low permeability, slow groundwater seepage, long flow
paths and favorable geochemical conditions. The Shazaoyuan
site is closer to a discharge area, at a distance of only about
20 km.

(4) Construction and engineering conditions. All nine sites are
favorable in terms of the in situ stress, rock strength and
topography for construction. However, the Suanjingzi and
Aqgishan sites are too far from towns, being more than
200 km away, resulting in difficulties in water and electricity
supply and other logistics.

(5) Human activities. No important mineral resource mining
activity is being conducted at any of the nine sites. However,
there are quarries or granite (as a building material) mining
activities at the Aqishan and Nuorigong sites.

(6) Land use. All nine sites are located in remote areas of the
Gobi Desert without farming lands.

(7) Environment protection. None of the nine sites are envi-
ronmentally sensitive.

(8) Transportation conditions. Xinchang, Jiujing, Shazaoyuan
and Yamansu sites are closer to current railway and
expressway networks.

(9) Social economical and human conditions. All nine sites are
located in remote areas with limited economic prospects.
However, the Agishan and Nuorigong sites have economic
potential in terms of granite mining. In terms of the attitude of
local government, the Gansu Provincial Government has
officially expressed welcome to host the URL facility, while no
positive reply was received from the other local governments.

3.3.2. Sites recommended in the review meeting of senior experts
organized by the BRIUG

On the basis of the systematical comparison among the nine
sites mentioned above, the BRIUG organized a review meeting of
senior experts in January 2016, which resulted in the recommen-
dation of four candidate sites.

In the Xinjiang Uygur Autonomous Region, considering that there
are many quarries at the Aqgishan site and many granite mining com-
panies are operating there, the Aqgishan site was not recommended,
while the Yamansu site was recommended for further comparison.

In the Inner Mongolia Autonomous Region, considering that the
Tamusu site has poor rock quality and a low engineering suitability
index (Quw) and is about 240 km from the nearest town, the site
was not recommended, while the Nuorigong site was recom-
mended for further comparison.

In the Beishan region, considering that the Suanjingzi site is
about 200 km from the nearest town, it was not recommended,
while the Xinchang and Shazaoyuan sites were recommended for
further comparison.

Four sites were thus finally recommended for further consid-
eration: Xinchang, Shazaoyuan, Yamansu and Nuorigong sites.

3.3.3. Preferred site determined in the review meeting of senior
experts organized by the CAEA

On the basis of the recommendations of the BRIUG in the early
2016, the government authority (the CAEA) organized a review
meeting of senior experts in March 2016 and determined the
preferred site and the back-up site.
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At this stage, the major concern was the attitude of local gov-
ernment and public acceptance. Considering that the Gansu Pro-
vincial Government had officially expressed interest in hosting the
URL facility, while no official interest was received from Xinjiang or
Inner Mongolia, the group decided to recommend the two sites (i.e.
Xinchang and Shazaoyuan sites) in the Beishan region of Gansu
Province in their final decision.

Considering that the Xinchang site has better rock quality,
higher Qupw index, greater potential to host a future repository, and
is farther from towns, it was finally recommended as the preferred
site for the URL, while the Shazaoyuan site was selected as the back-
up site.

The successful selection of the URL site has laid a sound foun-
dation for further activities, such as detailed site characterization
and URL design. Since April 2016, a systematical site evaluation has
been carried out at the Xinchang site, while the URL has been
preliminarily designed according to site data and other design
guidelines, leading to the high possibility of building China’s first
URL in granite around 2020.

3.4. Suitability index Qupw of the candidate URL sites

In general underground engineering, the suitability of the host
rock can be evaluated employing conventional rock mass classifi-
cation methods, which are mainly concerned with constructability
(Barton et al., 1974; Bieniawski, 1989). In addition to constructability,
long-term safety is an important issue in evaluating the host rock
suitability for a deep geological disposal facility of HLW. In partic-
ular, the near-field of the repository is subjected to a hazardous
multi-field coupling condition, which will deteriorate the properties
of host rock, thus affecting the long-term safety of the repository
(Aikds and Riekkola, 2000). Thereby, in light of the host rock char-
acteristics in the potential disposal areas in China, a new quantita-
tive rock mass classification system Qupw was proposed (Chen et al.,
2015a) to evaluate the suitability of the site for disposal purposes.
The Quiw system has two evaluation scales, namely the repository
and tunnel scales, for the quantitative evaluation of the suitability of
host rock at different development stages of the HLW geological
disposal program. The application of the Qypw System at repository
scale (QR, ) to URL site selection is presented in this paper.

3.4.1. Quuw System

Overall, the Qyrw system (Chen et al., 2015a) was developed on
the basis of the Q classification method (Barton et al., 1974). Besides
constructability, five other factors affecting the long-term safety of
the repository, namely the fracture zone, groundwater chemistry,
thermal effect, hydraulic conductivity and strength/stress ratio, are
taken into account to comprehensively evaluate the suitability of
host rock. According to the Qypw system, the host rock formation to
be classified should firstly fulfill four basic assumptions:

(1) The host rock is of sufficiently large scale and depth for the
final disposal repository.

(2) The host rock formation is located in a stable geological
environment, and the host rock has a sufficient distance to
large faults.

(3) There are relatively low seismic and tectonic activities.

(4) There is little oxidizing groundwater over the rock volume
planned for disposal.

(1) Evaluation equation

The classification procedure at repository scale consists of two
steps. The first step is to identify a potential site according to the
strategy of avoiding fracture zones. The second step is to evaluate
the suitability of the rock mass according to

_ CR CR ,J\]}vAHLW
= TQ (1)

Qfiw h
chm R
SRFHLW

where C§hm is the groundwater chemistry index, C‘% is the thermal
effect index, Q' is the constructability index from the Q system,
JR Liw is the hydraulic conductivity index, and SRFR,, is the
strength/stress ratio index.

(2) Definition of evaluation parameters and rating criteria

(i) Fracture zone effect

Considering the effect of seismicity events on geological
disposal, fracture zones are classified into Classes A, B and C ac-
cording to the zone size. Class A with the largest size is prohibited
from intersecting with any part of the repository. Class B is
permitted only within the ramp. Class C comprises fracture zones
that are permitted to intersect with disposal tunnels but are not
permitted to intersect with disposal holes. The effects of even
smaller fractures on the constructability and long-term safety of
the repository are considered to be negligible.

According to the research based on the KBS-3 disposal concept
(Swedish Nuclear Fuel and Waste Management Co. (SKB) 1999),
Class A is defined as fracture zones longer than 10 km, Class B as
fracture zones with length ranging from 3 km to 10 km, and Class C
as fracture zones with length ranging from 0.1 km to 3 km.

(ii) Groundwater chemistry index C?hm

The chemical environment of groundwater may affect the long-
term performance of the waste canister and the buffer backfill
material. Relevant studies have shown that the groundwater
chemistry index C?hm can be determined by the pH value, total
dissolved solid (TDS) and Cl~ content, as shown in Table 1.

(iii) Thermal effect index C}

The thermal effect due to radioactive nuclide disintegration is one
of the main characteristics of geological disposal. According to
experimental results, the thermal effect index CF is defined as the
ratio of the crack damage strength at the maximum temperature on
canister exterior surface ag“ax to the value at room temperature g.4:

O.Tmax
Cf = - (2)
cd

(iv) Constructability index Q’

The Q’ index reflecting the rock mass constructability in the Q
system is adopted in the Quuw classification system as an inde-
pendent index:

, RQDJ
=T (3)

where RQD is the rock quality designation, ], is the joint set num-
ber, J; is the joint roughness number, and J, is the joint alteration

number. The determination criteria of these four parameters are
the same as those in the Q system.

(v) Hydraulic conductivity index J® .\

In safety assessments carried out by Swedish Nuclear Fuel and
Waste Management Co. (SKB) (1999), host rock with hydraulic
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Table 1
Definition of groundwater chemistry index Cghm.
Chemical environment of groundwater R
6 < pH < 10, TDS < 50 g/L, CI” < 20 g/L 1
One of the conditions 0.8
(6 < pH < 10, TDS < 50 g/L, CI~ < 20 g/L) is not satisfied
Two or more of the conditions 0.1

(6 < pH < 10, TDS < 50 g/L, CI~ < 20 g/L) are not satisfied

conductivity lower than 1078 m/s is considered acceptable for HLW
disposal. The safety analysis of HLW disposal carried out by
National Cooperative for the Disposal of Radioactive Waste (Nagra)
(1994) indicated that hydraulic conductivity lower than 10~ m/s in
the neighborhood of the repository greatly reduces the degree of
erosion to engineered barriers, resulting in favorable performance.
In light of the significance of the performance of an engineered
barrier to long-term safety, hydraulic conductivity of 10~° m/s is
chosen as the critical conductivity K; in this study. The rating of the
hydraulic conductivity index is determined according to the per-
centage of the rock mass with a hydraulic conductivity lower than
the critical value K;:

1 (Per(K < 107° m/s) > 90%)
" 0.66 (70% < Per(K < 10~ m/s) < 90%)
Jurw = 033 (50% < Per(k < 1079 m/s) < 70%) “
0.1 (Per(K < 1079 m/s) < 50%)

where Per(K < 10~° m/s) is the percentage of hydraulic conductivity
data smaller than 10~° m/s among all measurements within the
scope of the potential site.

(vi) Strength/stress ratio index SRFR
According to the constructability classification of Barton et al.

(1974) and Grimstad and Barton (1993), the rating criterion is
defined as

0.5 (Per(oc/a1 > 5) > 90%)
SRFR _ 1 (70% < Per(ac/01 > 5) < 90%) (5)
wHLW 5 (50% < Per(gc/o1 > 5) < 70%)
20 (Per(oc/a1 > 5) < 50%)

where o is the uniaxial compressive strength (UCS), o1 is the
maximum in situ stress, and Per(g./d1 > 5) is the percentage of the
strength/stress ratio data that meet the condition among all test
data.

(3) Suitability classes

Suitability at the repository scale is classified into three classes in
the Qyiw system, namely high suitability (class I), moderate suit-
ability (class II) and low suitability (class III), as shown in Table 2.

Table 2
Suitability classification for candidate sites based on the index QR -

Q,‘_}LW range Class Suitability Related suggestions

(100, 1000] 1 High The stability and safety of the project can be
suitability ensured without a number of measures

(40, 100] Il Moderate More in-depth researches are necessary to
suitability determine the engineering measures in design
and construction of the project to ensure its
stability and safety
(0, 40] I Low The evaluated rock volume should be avoided in

suitability the construction of a repository

3.4.2. Suitability evaluation of URL candidate sites
The Quuw system was used to evaluate the engineering suit-
ability of the nine URL candidate sites mentioned in Section 3.2.
(1) Parameter identification

(i) Fracture zone effect

In the determination of the candidate sites, all nine candidate
sites are at least 500 m far from Class A fracture zones and 100 m
from Class B fracture zones. Therefore, according to criteria of the
Qurw system, the candidate sites meet the requirement of being a
safe distance from fracture zones.

" . . R
(ii) Groundwater chemistry index C§

According to the Cl~ content, TDS and pH value of groundwater
at each candidate site and Table 1, the groundwater chemical
environment is favorable for geological disposal at all candidate
sites and the groundwater chemistry index is thereby taken as 1.

(iii) Thermal effect index C}

According to the test data and Eq. (2), thermal effect indices C}‘
of the Jiujing and Xinchang sites are respectively 0.9 and 0.83.
Although high-temperature mechanical tests of the drilling cores at
other sites have not been carried out, considering that the lithology
is similar among sites, the thermal effect indices CF of all the other
candidate sites are conservatively taken as 0.83.

(iv) Constructability index Q’

According to geological survey results obtained by borehole
drilling, the constructability indices of the nine URL candidate sites
are listed in Table 3.

(v) Hydraulic conductivity index ]“fv_HLW

Hydraulic conductivity conditions at the Xinchang, Yamansu
and Suanjingzi sites are found to be favorable and the hydraulic
conductivity index JR 1,y is taken as 1. The hydraulic conductivity
index ]“},‘HLW of the Shazaoyuan, Aqishan and Nuorigong sites is
taken as 0.66 according to the results of field tests, while the hy-
draulic conductivity index ]‘*},HLW of the Tianhu site is 0.33.

: i R
(vi) Strength/stress ratio index SRFj;
Overall, the in situ stresses are relatively low while the granite

at the candidate sites has relatively high strength. The in situ
stress level of a candidate site is slightly higher in Xinjiang and

Table 3
Constructability index Q for each candidate site.

Preselected region Candidate site Sampling RQD J, J+ Ja Q

borehole
Beishan Jivjing BS03 767 3 33 16 52.7
Xinchang BS06 976 3 38 0.79 1565
Shazaoyuan BS24 965 2 39 085 2214
Suanjingzi BS22 804 3 39 0.88 1188
Xinjiang Yamansu YMO1 952 3 4 095 1336
YMO02
Tianhu THO2 799 3 4 1.27 839
Aqishan AQO1 984 3 37 1.03 1178
Inner Tamusu TMS02 896 3 4 0.75 1593
Mongolia Nuorigong NRGO1 941 3 4 0.75 1673
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Inner Mongolia areas than that in the Beishan area. According to
Eq. (5), the strength/stress ratio index SRFY,,,, for the Yamansu site
is 1. The strength/stress ratios for all the other sites are greater
than 5 and the strength/stress ratio index SRFR,,, is taken as 0.5.

(2) Suitability evaluation of URL candidate sites

According to the above analyses, classification results for the
nine URL candidate sites are shown in Fig. 2. According to the values
of QR . Xinchang, Shazaoyuan, Suanjingzi, Yamansu, Agishan and
Nuorigong are considered to be suitable sites of the URL for HLW
disposal. Furthermore, the Xinchang site is most suitable owing to
its high rock mass integrity, low permeability and high strength/
stress ratio.

3.5. Final site for the URL

With suitable geological conditions and especially with the
support of government authorities (i.e. the CAEA and the National
Nuclear Safety Authority) and local government (i.e. the Gansu
Provincial Government), the Xinchang site in the Beishan area was
finally selected as the site for China’s first URL in granite. This de-
cision has laid a sound foundation for detailed characterization of
the site and preliminary design of the planned URL.

4. Characterization of the URL site
4.1. Introduction to the Xinchang site

The Xinchang URL site is located in the middle of the Beishan
area (Fig. 3) at a distance of about 135 km from Jiayuguan City. The
topography of the site is characterized by small flat hills (Fig. 4)
with elevation ranging between 1670 m and 1730 m above sea
level. The height variation is usually less than 30 m, which provides
favorable conditions for the construction of surface facilities. More
specifically, the Xinchang URL site is located within the Xinchang
granite intrusion (Fig. 5), which is a potential sub-area for the HLW
repository. The Xinchang granite intrusion is a 22-km-long and 7-
km-wide rock block. The major rock types include gneissic biotite
monzonitic granite and biotite granodiorite with an age of around
260 million years.

4.2. Site characterization plan

The objectives of site characterization are to investigate the rock
types, geological structures (i.e. faults and fracture systems) and
hydrogeological, geochemical and engineering geological conditions
of the Xinchang site, to establish a three-dimensional (3D) geolog-
ical model, and finally to provide necessary data for URL design,
excavation, construction and future in situ tests in the URL.
Comprehensive activities, such as surface geological mapping,
hydrogeological investigation, geophysical surveying, borehole dril-
ling and borehole testing, have been planned at the Xinchang site.

The surface geological mapping includes investigations at 1:10,000
scale, with focus on investigating the rock types, faults, fracture dis-
tribution and rock integrity. Such investigations provide data with
which to identify locations of exploration boreholes and shafts.

During a geophysical survey, the audio-frequency magneto-
telluric (AMT) method has been used to identify the locations,
bearings and extensions of faults and to understand the distribu-
tion of granite intrusions. In total, eleven AMT profiles with a total
length of 55 km have been measured.

Borehole drilling is the most important method for investigating
underground geological conditions. In total, one 1000-m-deep
borehole, fourteen 600-m-deep boreholes (three vertical and
eleven inclined) and eighteen 100-m-deep inclined boreholes have
been drilled. The distribution of these boreholes is shown in Fig. 6.

The borehole design was as follows:

(1) Vertical deep boreholes were planned for exploration of
geological conditions around the main shaft of the URL, e.g.
boreholes BS28, BS32 and BS33. The depths of these bore-
holes are about 600 m.

(2) Inclined boreholes were planned to investigate faults around
the site, e.g. boreholes BS35, BS36, BS38 and BS39.

(3) For faults, shallow inclined boreholes (to a depth of about
100 m) and deep inclined boreholes (to a depth of about
600 m) were planned, e.g. BSQ05 and BS35 for fault F31.

(4) For the same fault, boreholes were planned at different
sections of the fault, e.g. BSQ05 and BS35 in the northern
section of fault F31 and BSQ04 and BS36 in the southern
section of fault F31.

Fig. 2. Qf,y values for the nine URL candidate sites.
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Fig. 3. Location of the Xinchang URL site in the Beishan area.

Measurements of drilling fluid loss were made during the dril-
ling of boreholes. Additionally, sodium fluorescein was added to the
drilling fluid as a tracer. The borehole cores were comprehensively
logged in terms of lithology, structure and degrees of weathering
and fracturing, and the RQD index was determined.

Systematical in situ borehole logging and tests were conducted.
The tests included standard single-point electrical resistance and
resistivity tests, electrical potential tests, gamma—gamma density
tests, natural gamma and magnetic susceptibility tests, neutron
scattering tests, seismic P-wave velocity tests, caliper tests, in situ
stress measurements and hydrogeological tests.

4.3. Site characterization results

4.3.1. Geology

Good outcrops of rock in the area have allowed detailed surface
geological mapping and the convenient identification of rock types
and faults. The surface mapping shows that the bedrock just crops
out in the area, with few weathering layers.

Surface geological mapping and borehole drilling have identi-
fied that the major rock types at the Xinchang URL site are biotite
monzonitic granite and biotite granodiorite. Results also show that
the rock mass is of high integrity and has low fracture density.

Fig. 7 shows the geological profile of the URL site. The major
faults include F31 and F34 in the west and F32 and F33 in the east.
The lengths of these faults range between 3 km and 6 km, while the
thicknesses of the faults are between 0.8 m and 2 m. The depths of
F31 and F34 are less than 500 m, while F32 and F33 are about 800 m
deep. Investigations have shown that they are extension faults or

Fig. 4. Typical topography of the Xinchang site.
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Fig. 5. Geological map of the Xinchang site.

extension slip faults with well-consolidated breccia. The highly
integrated granite mass at the site provides excellent conditions for
URL construction and underground space stability, while faults at
the site make it possible to conduct various in situ underground
tests, such as hydraulic tests, radionuclide migration tests along the
faults and grouting tests.

A surface electromagnetic survey and high-resolution magnetic
survey were conducted and shown to be effective in identifying
discontinuities and rock mass integrity. Fig. 8 presents an electro-
magnetic profile across the Xinchang URL site, clearly showing that
the rock mass has a good integrity with a depth of about 2 km.
Meanwhile, the major faults, F31 and F34, are distributed at a
shallow depth while F32 is located at greater depth.

According to a comprehensive integration and interpretation
of the geological and geophysical data obtained from site char-
acterization, a 3D geological model of the Xinchang site has been
established, as presented in Fig. 9. The 3D model visually presents
the characteristics of the deep geological environment of the
Xinchang site, and is an efficient tool for optimizing the URL
design, guiding the construction and planning of in situ tests (Luo
et al.,, 2017).

4.3.2. Hydrogeology

In characterization of the Xinchang URL site, the groundwater
levels of all the boreholes were monitored and the results are listed
in Table 4. It is seen that that the water levels in the boreholes range
from 3.8 m to 47.79 m below the ground surface and the ground-
water heads above sea level in shallow boreholes are generally
higher than those in deep boreholes.

Another important hydrogeological investigation focused on
hydraulic tests in eight deep boreholes, including three vertical
boreholes (BS28, BS32 and BS33) and five inclined boreholes
(BS35—BS39) (see Fig. 6). Constant-head injection tests were car-
ried out in these boreholes using a double packer test system. The

aim of injection tests was to characterize the hydraulic properties of
rock formations and faults intersected by the boreholes (Su et al.,
2007; Ji et al., 2018). The major parameter to be determined was
the hydraulic conductivity. Test intervals with a length of 12 m were
used for obtaining the hydraulic conductivity along the boreholes.
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Fig. 7. Geological profile of the Xinchang URL site.

Fig. 10 presents the hydraulic conductivity distributions in the eight
boreholes. The data show that for most test intervals within intact
rocks or fracture zones, the hydraulic conductivity was low,
generally less than 1078 m/s, mainly between 1072 m/s and
10719 m/s, indicating that the rock masses of the site have
extremely low permeability.

Further statistical results of hydraulic conductivities in verti-
cal boreholes BS28, BS32 and BS33 revealed that the hydraulic
conductivities of 90% of the test intervals were lower than
1078 m/s, and the values mainly ranged from 107'> m/s to
1071 m/s (Fig. 11a). In addition, analysis of the statistical results
gained from inclined boreholes BS35—BS39 showed that the
hydraulic conductivities of 98% of the test intervals were lower
than 10~8 m/s, and the values mostly ranged between 1072 m/s
and 1071 m/s (Fig. 11b). According to the hydraulic conductiv-
ities measured for 127 test intervals in vertical boreholes and 236
test intervals in inclined boreholes at the Xinchang URL site, the
basic statistical estimators (minimum, median and maximum
values) were calculated. The hydraulic conductivities at the
Xinchang site were generally lower than those at three granite

1S
=
o
£ -1
)
[=]

0 0.5 1 1.5 2

25
Distance/km

URL sites in Sweden, Finland and Switzerland (Mejias et al.,
2009) (see Table 5).

4.3.3. Engineering geology

To evaluate the quality of rock masses at the Xinchang URL site,
RQD (Deere, 1968) data were obtained from drilled cores of four
vertical boreholes (i.e. BS06, BS28, BS32 and BS33 in Fig. 6). These
drilled cores have a cumulative length of 2505 m. Statistical ana-
lyses indicate that RQD values between 75% and 90% (indicating
good rock quality) and larger than 90% (indicating excellent rock
quality) respectively account for 7.2% and 86.2% of the total bore-
hole cores (see Fig. 12a), showing very good rock integrity at the
URL site. A photograph of intact drilled cores from borehole BS32 is
presented in Fig. 12b, showing the extremely high quality of the
rock mass. It is noted that crystalline rocks inevitably contain
fractures. Fractures in the four vertical boreholes were investigated
through borehole televiewer (BHTV) measurements and borehole
logging. The location, orientation and dip angle of a fracture that
intersects the borehole can be determined from images of the
borehole wall and drilled cores. A typical BHTV image is presented
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Fig. 8. An electromagnetic profile of the Xinchang URL site.
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Fig. 9. Established 3D geological model of the Xinchang URL site.

in Fig. 13. Statistical results indicate that fractures in the four
boreholes are dominantly in the northeast direction (Fig. 14a), and
the maximum Fisher concentration is 3.2% (Fig. 14b). In addition,
four fracture sets were identified. The results are listed in Table 6.

The mechanical characteristics of Beishan granitic rocks have
been widely investigated (Chen et al., 2014, 2015b, 2017a; Zhao
et al., 2013a, 2014b, 2016). To clarify the basic mechanical proper-
ties of the drilled cores, uniaxial compression tests and Brazilian
tests were conducted using cylindrical samples collected from five
boreholes within the site. A total of 237 rock samples, with a
diameter of approximately 50 mm, were prepared in accordance
with the specifications recommended by the International Society
for Rock Mechanics (ISRM) (Fairhurst and Hudson, 1999). Fig. 15
shows the strength distributions of the core samples taken from
different depths along these boreholes. It shows that the UCS of the
rock samples ranges between 110 MPa and 235 MPa and has an
average value of 173 MPa (Fig. 15a), while the tensile strength
values are between 6 MPa and 15 MPa and have an average value of
11 MPa (Fig. 15b).

Rocks at depth are subjected to stresses resulting mainly from
the weight of the overlying strata and stresses of tectonic origin
(Hoek, 2007). The in situ stress state at a URL site should be known
with sufficient confidence to provide stress boundary conditions
for underground excavation design and long-term stability evalu-
ation. In addition to the magnitudes of the in situ stress compo-
nents, the orientation of the maximum principal stress should be
identified accurately because it directly affects the layout of the URL
(Zhao et al., 2015). Hence, in the process of site characterization, 80
hydraulic fracturing (HF) in situ stress measurements were made in
four vertical boreholes (i.e. BSO6, BS28, BS32 and BS33 in Fig. 6) at
depths ranging from 23 m to 579 m below the ground surface. The
HF method is a two-dimensional (2D) stress measurement
approach applicable to the determination of the maximum hori-
zontal stress (oy) and the minimum principal stress (¢p) (Haimson,
1978). The vertical stress (o) can be estimated from the overburden

weight. Fig. 16 presents the variation of the principal stresses with
depth at the URL site. It is seen that the in situ stress components
tend to increase with depth and the magnitudes of measured oy
and oy, are respectively less than 20 MPa and 13 MPa within the
measurement depth range. Compared with the UCS values of the
core samples (see Fig. 15a), the magnitude of the in situ stresses at
the site is at a low level based on the empirical classification
approach (Hoek et al., 1995). Moreover, among all test points, 78% of

Table 4
Groundwater head data recorded for boreholes at the Xinchang URL site.

Borehole Borehole Depth Elevation Waterlevel Groundwater head
type No. (m) (m) (m) above sea level (m)
Vertical ~ BS12 100.17 1681.91 4.58 1677.33
BS14 10033 17232 43.27 1679.92
BS06 602.61 1716.76  45.99 1670.77
BS28 690.67 172540  47.79 1677.61
BS32 607.98 171857 38.44 1680.13
BS33 605.55 1719.2 41.34 1677.86
Inclined  BSQO1 126.27 1704.21 16.64 1687.57
BSQO02 7897 1719.02  23.10 1695.92
BSQ03 75.54 1719.73 2231 1697.42
BSQ04 1453 1723 17.18 1705.82
BSQO5 120.01 1696.29 4.56 1691.73
BSQO06 99.63 1695.58 3.8 1691.78
BSQO7 94.69 1716.83  27.35 1689.49
BSQO08 86.07 1692.13  26.16 1665.97
BSQ09 83.25 169641  32.38 1664.03
BSQ10 12041 1678.01 14.63 1663.38
BSQ11 804 169823  32.97 1665.25
BSQ12 99.85 1681.12  30.57 1650.56
BSQ13 120.08 1709.98  44.47 1665.51
BSQ14 7919 17232 43.27 1679.92
BSQ15 101.54 171026  27.65 1682.61
BSQ16 125 1702.59  23.69 1678.9
BS35 62847 170186 184 1683.47
BS38 491.15 170493  39.86 1665.08
BS41 612.13 1691.12  15.53 1675.59
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Fig. 10. Variation of hydraulic conductivity with depth in eight deep boreholes at the Xinchang URL site.

oy values are larger than oy values, indicating that the in situ stress 4.3.4. Geochemistry
field is dominated by tectonic horizontal stress rather than by the The evaluation of a site for construction of URL requires an
overburden load. Linear relationships between oy and o, and depth understanding of to-date geochemical environments and processes
(H) are established by fitting the data employing a least-squares (Tian et al., 2014), i.e. how the geochemical environments have
approach (see Fig. 16). It is seen that within the measurement changed in the past and will change in the future. To understand
depth range, the stress field at the URL site is characterized by these processes associated with radionuclide migration to the
gy > Oy > Oh. accessible environment, geochemical characteristics of the Xin-
After the fracturing tests, a total of 27 fracture impression chang site have been investigated. The information obtained in-
measurements were performed to determine the orientation of the cludes mineralogical and chemical compositions of the host rocks

hydraulic fractures (i.e. orientation of ¢y). Field observations indi- and their geochemical properties.
cated that all mapped hydraulic fractures were sub-vertical. A The bedrock of the Xinchang site is mainly Hercynian crystalline
typical impression packer image is presented in Fig. 17a. The frac- rock with an age ranging from 235 to 296 million years, mainly

ture impression results show that all orientations of ¢y at the URL consisting of granite and granodiorite on the basis of visual,
site are in NE—SW direction. A further statistical analysis of all microscopic and lithogeochemical investigations. The main min-
fracture impression data indicates that the dominant orientations erals of the granite and granodiorite are potassium feldspar, quartz
of gy range from N50°E to N70°E and have an average value of and plagioclase, with smaller proportions of biotite and horn-

N55°E (see Fig. 17b). It is thus concluded that the in situ stress field blende. The main compositions of the rocks are uniform, with 65%
at the URL site is affected by the NEE-SWW tectonic stress. The or more SiO», 12%—15% Al,03 and small amounts of natrium, iron,
current measurement results are in good agreement with those magnesium and calcium. Typical fracture minerals found at the
obtained by the previous in situ stress measurement program Xinchang site are calcite, quartz, chlorite and clay minerals (see
conducted in the Beishan area (Zhao et al., 2013b). Fig. 18). The C, O and Sr isotopic compositions of calcites indicate
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Fig. 11. Cumulative distribution of hydraulic conductivities obtained from (a) vertical boreholes (BS28, BS32 and BS33) and (b) inclined boreholes (BS35—BS39) at the Xinchang site
in the Beishan area.
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Table 5
Comparison of hydraulic conductivities at the Xinchang URL site with those at
granite URL sites in Sweden, Finland and Switzerland.

Test site Hydraulic conductivity (m/s)

Minimum Median Maximum

218 x 107'* 617 x 107! 132 x 10°°
128 x 10713 418 x 107" 322 x 107

Xinchang site, China
Faults around the Xinchang

site, China
Aspo Hard Rock Laboratory, Sweden 3 x 10~1° 1078
Olkiluoto research site, Finland 107° 1078
Grimsel test site, Switzerland 10713 107° 4x10*

that they have been formed from meteoric water or basin brines,
which have undergone various degrees of water/rock interaction.
The alteration of the wall rock adjacent to the fractures has been
observed to be related to K-metasomatism, illitization and chlori-
tization, which have very little effect on redox buffering capacities.
The redox condition of the Xinchang site has been studied using
mineralogical (redox-sensitive minerals), geochemical (redox-
sensitive elements) and U-series disequilibrium investigations of
mineral coatings along fractures, as well as Eh measurements of
groundwater in boreholes. The results show a reducing condition at
a depth ranging from 520 m to 600 m at the URL site. In consid-
eration of the above features, it is concluded that geochemical
environments of the Xinchang site are suitable for the construction
of a URL for geological disposal studies.

4.3.5. Summary

The major findings of site characterization associated with the
geology, hydrogeology, engineering geology and geochemistry are
as follows:

(1) The dominant rock types at the Xinchang URL site are biotite
monzonitic granite and biotite granodiorite. The rock masses
at the site have good integrity, providing excellent geological
conditions for the construction of the URL.

(2) Hydraulic conductivities along different boreholes at the URL
site mainly range between 107> m/s and 1071 m/s,
reflecting that the rock masses have extremely low perme-
ability. The low permeability not only means good rock
quality at the site, but also provides a favorable condition for
the construction of the URL and for the permanent isolation
of HLW in the geological formation.

(3) The in situ stress field at the URL site is dominated by the
horizontal tectonic stress, and the measured oy values are all
less than 20 MPa. Compared with the strength of the core
samples, the magnitudes of the in situ stresses at the site are
relatively low. Meanwhile, the stress gy is mainly oriented in
NEE direction. The obtained in situ stress state is favorable
for the stability of surrounding rocks (Zhao et al., 2010) due
to the low stress magnitudes and stress differences among
the three principal stresses.

(4) The reducing condition was demonstrated at a depth ranging
from 520 m to 600 m at the URL site. The geochemical con-
ditions at the depth of the site are favorable for conducting in
situ tests in the URL and hosting a DGR.

5. Technical preparations for construction of the Beishan URL
5.1. Beishan exploration tunnel
As a small pilot underground facility for the proposed URL, the

BET was constructed at the Jiujing site, which is about 30 km from
the Xinchang URL site. Fig. 19 shows the photographs of the BET.

The main purpose of the BET is to provide a field experimental
platform for developing and testing technologies of underground
excavation and safe operation, which will be used for the con-
struction of the proposed URL. Another objective is to establish
management systems for field experiments and engineering op-
erations. During construction of the BET, mine-by R&D experiments
were performed by the BRIUG, in conjunction with the Fourth
Research and Design Engineering Corporation of the China National
Nuclear Corporation (CNNC), Sichuan University, China University
of Mining and Technology (Beijing), Engineering University of
People’s Liberation Army of China, and Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences.

5.2. Location and layout of the BET

The BET is located in the vicinity of the Shiyuejing fault, which is
one of the typical faults in the Beishan area. The BET is mainly
composed of a ramp (having a length of 146 m, inclination of 20°,
and cross-sectional area of 6.8 m?), horizontal tunnels (having a
total length of 126 m and cross-sectional area of 6.8—12.2 m?),
experimental tunnels (having a total length of 90 m and cross-
sectional area of 7.2—11 m?), a water chamber and a ventilation
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Fig. 12. (a) RQD classification showing the proportion of different rock mass qualities
for four vertical boreholes (BS06, BS28, BS32 and BS33) at the Xinchang URL site; and
(b) Intact 63-mm-diameter drilled cores extracted from borehole BS32.
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Fig. 13. Typical BHTV image of a borehole wall and interpretations of several joints in borehole BS32.
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Fig. 14. (a) Strike rosette plot and (b) stereographic contours of fractures (upper hemisphere) in four boreholes (BS06, BS28, BS28 and BS33) at the Xinchang URL site.

borehole (see Fig. 20). It took 18 months (i.e. from June 26, 2015 to
December 20, 2016) to complete the excavation of this facility and
all in situ experiments.

5.3. R&D achievements

As listed in Table 7, different in situ tests have been conducted in
the BET. This section presents the main achievements of drill-and-
blast tests, characterization of the excavation damaged zone (EDZ),
advanced detection of unfavorable geological conditions, defor-
mation monitoring of the surrounding rocks and 3D fracture
mapping and modeling.

5.3.1. Drill-and-blast test

Drill-and-blast tests were conducted to investigate the effect of
blasting excavation on the surrounding rock and to optimize the
blasting parameters. The results will be used for the construction of
the Beishan URL. This testing used different surrounding hole

spacings and cutting patterns during excavation of a passing bay
with a cross-sectional area of 12.15 m?.

Fig. 21 presents the distribution of the energy percent when
using different cutting patterns. It is seen that the parallel hole
cutting method attenuates the energy distribution from low to
high frequency. However, the double wedge cutting method
generates lower vibration energy with small differences among
various frequency sections, which can be beneficial to blasting

Table 6
Fracture orientation parameters for four boreholes (BS06, BS28, BS28 and BS33).

Set No. Data percent (%) Fracture orientation
Dip direction (°) dip (°)
1 24.2 305.1 67.1
2 14.8 350.3 24.8
3 52.7 158.8 46.5
4 83 913 79.8
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Fig. 15. Variations of (a) the average UCS and (b) tensile strength with depth in the five boreholes at the Xinchang URL site. Error bars indicate the standard deviation of the UCS and

tensile strength.
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Fig. 16. Variations of the horizontal and vertical principal stresses with depth at the
Xinchang URL site.

excavation. In addition, according to quantitative analysis of the
blasting vibration signal from blasting delay identification, it is
better to select multi-series millisecond-delay detonators and to
avoid detonators with longer segments of delay intervals. The
blasting parameters recommended for the construction of the
URL are shown in Table 8.

5.3.2. EDZ characterization

During the drill-and-blast tests, EDZ characterization was car-
ried out to evaluate the suitability of different EDZ monitoring
methods in granite, and finally to propose a systematical EDZ
evaluation technology. A series of field testing systems, such as
acoustic emission (AE) monitoring system, microseismic moni-
toring (MS) system, ultrasonic wave testing system, ground pene-
trating radar (GPR), borehole radar and borehole televiewer, has
been employed to characterize the EDZ distribution around the test
tunnel. The sensors were installed in 21 monitoring boreholes
before excavation, as shown in Fig. 22a.

For GPR investigation with a high-frequency (1.5 GHz) antenna,
a strong reflection response was observed within 0.1-0.25 m of the
wall surface, which is defined as the damage zone (Fig. 22b). GPR,
especially high-frequency GPR, was demonstrated as a promising
technique in EDZ assessment owing to its nondestructive property
and good performance in delineation of the EDZ. Fig. 22¢c shows the
P-wave velocity measurement results before and after blasting. The
P-wave velocity was observed to decrease significantly within
0.2 m of the tunnel wall, and that within 0.2—0.5 m was slightly
lower than the results before excavation. Fig. 22d presents the AE
monitoring results obtained in blasting excavation. Locations of AE
sources were mainly clustered within 0.6 m of the wall surface.
According to the above-mentioned results, GPR and ultrasonic
testing combined with a borehole televiewer are recommended for
identification of the EDZ in the rocks surrounding the URL, while AE
monitoring technique is useful for understanding the evolution of
the EDZ.

5.3.3. Advanced detection test

To verify the applicability of geophysical survey methods and to
establish a high-precision advanced detection technology for
finding water-conducting fracture zones and small faults, an in situ
detection test was conducted in the BET. Different technologies
were used in this test, including multi-frequency GPR detection,
transient electromagnetic analysis and seismic-infrared detection.
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The detection results obtained with the GPR at a frequency of
50 MHz are shown in Fig. 23. Within the range of near 150 m along
the inlet of the ramp towards the passing bay, the fault suddenly
shrinks within the section of 75—95 m mileage in the ramp, and the
distance to the ramp changes from 33 m to 39 m (Fig. 23a, red dashed
line in the black box). This increase in distance was confirmed in the
detection test and borehole drilling carried out in detection area 2
(Fig. 23b). Two fissure zones vertical to the inclined ramp nearby
30 m and 90 m were observed and two fissure zones were located at
the horizontal level of the BET (Fig. 23, dark-blue dashed lines).
These fissure zones match the crushing of surrounding rocks in the
ramp and the severely broken rocks with yellow mud intrusions.
According to the test results, an advanced detection system mainly
based on GPR technology was developed for the URL.

5.3.4. Deformation monitoring of surrounding rocks

Deformation monitoring of surrounding rocks was carried out at
the passing bay and fault zone in the BET. The variation in the
displacement of surrounding rocks throughout tunnel excavation
was obtained, as shown in Fig. 24. Results show that the internal
displacement of surrounding rocks throughout blasting excavation
experiences three stages, namely an initial displacement growth
stage, rapid displacement growth stage and stable convergence
stage. The temporal curve of internal displacement of surrounding
rocks near the monitoring section shows stepwise characteristics,
which are similar to the morphological characteristics of the creep
curve of rock in a stepped loading test. The spatial effects of the
excavation face and the loss displacement were calculated with
three typical longitudinal deformation profile curve equations (i.e.
the Lee equation, Hoek equation and V-D equation). It is noted that
the loss displacement calculated using the Hoek equation best fits
the measurement. The displacement monitoring results indicate
that the loss displacement is at least 50% of the total displacement
when the measuring section was set 2 m from the excavation face.
Furthermore, a new tunnel profile monitoring system was pro-
posed according to the deformation monitoring results of the sur-
rounding rocks.

®)

Fig. 17. (a) A typical fracture trace impressed on the packer in the test interval at a
depth of 345 m in borehole BS28; and (b) A statistical analysis showing the dominant
orientations of gy at the Xinchang URL site.

5.3.5. 3D fracture mapping and modeling

Joints in granite are important factors affecting the local stability
of an underground tunnel and the joint network might form po-
tential pathways of groundwater and radionuclides (Liu et al.,
2015). During construction of the BET, outcrop survey and tunnel
mapping were carried out to study the joint network of the sur-
rounding rocks. A total of 2571 joints at 48 outcrops were recorded
employing the synthetic scan-line method and three dominant
occurrences were identified as 282° £ 76° (Set-1),172° £ 71° (Set-2)
and 49° £ 37° (Set-3). A total of 865 joints in the BET were mapped
employing the updated tunnel mapping method and 3D laser
scanning, and a 3D model of joint traces was established (see
Fig. 25).

To generate the 3D joint network in the surrounding rocks, a
new method for joint occurrence cluster was proposed and thus
the subjective judgments in the conventional methods were
avoided. A new method of estimating the distribution of joint di-
ameters was established and the truncation effect in the outcrop
survey was successfully evaluated with the proposed method.
Using the corrected occurrence and trace-length data, a new
method of identifying the homogeneous structural domain was
proposed by generating a 2D matrix of the weighted correlation
coefficients for different outcrops. Finally, with the improved sta-
tistical parameters obtained using the above methods, a discrete
joint network model of the surrounding rocks for the BET was
generated (see Fig. 26). In the 3D fracture network model, the
fractures of Set-3 are scarce, but some are so large that they
cut through the entire modeling domain. According to stability
analysis based on the fracture network model, the movable blocks
in the surrounding rocks of the BET are formed mainly by the
intersection between these large fractures of Set-3 with low dip
angle and the fractures of Set-1 with large dip angle. Furthermore,
water seepage was found in several fractures of Set-3 during in situ
mapping. This indicates that these large fractures of Set-3 might
generate groundwater pathways. Therefore, when the local sta-
bility and hydrological condition are evaluated for the rock mass in
the vicinity of a fault similar to the Shiyuejing fault, more emphasis
should be placed on the factures of Set-3. However, more in situ
investigation is needed to verify this conclusion.

6. Preliminary design of the Beishan URL and in situ test
planning

6.1. Preliminary design of the Beishan URL

6.1.1. Design principles

The design considerations of the Beishan URL include the
development strategy of China’s URL, URL type (i.e. an area-specific
URL), URL functions, preliminary in situ test plan, operational safety
and technical feasibility. The main design principles for the Beishan
URL are as follows:

(1) The URL should enable detailed underground characteriza-
tion of the host rock.

(2) The URL should enable a wide variety of R&D of concepts and
technologies for the disposal of HLW in granite.

(3) The URL should be designed and constructed in a way that
allows it become part of the potential repository. It should
also preserve the flexibility in terms of the design, con-
struction and operation of the potential repository. The
experimental levels should be expandable, regarding future
needs for area, logistics and ventilation.

(4) The URL should not have any negative effect on site condi-
tions that are considered favorable for the disposal of HLW,
and disturbances to the target host rock should be minimized.
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650 pm

Fig. 18. (a, b) Photographs of drilled cores (c—e) transmissive micrographs, and (f—i) back-scattered scanning electron microscopy images. (a) The drilled core with a calcite-
dominated fracture, from borehole BS33 at a depth of 271.2 m at the Xinchang site. (b) Calcite coating on a fracture surface in the drilled core from BS26 at a depth of 519.7 m.
(c) A closed fracture filled with calcite (“Cal”), and slightly alteration of illitization (“IlI") close to the fracture and a thin section from the sample in photograph (a). (d) Medium-
grained granodiorite with plagioclase (“P1”), quartz (“Qz"), microcline (“Mc”) and biotite (“Bt”) occurring as major minerals, and a thin section from the sample in photograph (a). (e)
Fine-grained granite, in a sample from borehole BS33 at a depth of 487.2 m. (f) Scalenohedral calcite in an open fracture and a spot of clays on the crystal surface at a depth of
368.5 m (borehole BS28). (g) Chlorite (“Chl”) that has replaced biotite close to and at the fracture surface at a depth of 553.7 m (borehole BS06). (h) Cubic pyrite (“Py”) crystal on the
surface of a fracture at a depth of 527.1 m (borehole BS06). (i) Needle-shaped Fe-oxyhydroxide (“Fe") crystals on an open fracture surface at a depth of 462.2 m (borehole BS25).

(b)

Fig. 19. Photographs of the BET showing (a) the entrance and (b) the ramp.
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Blasting Test Tunnel

Passing Bay

EDZ and Groundwater Monitoring Tunnel

Fig. 20. Layout of in situ tests in the BET.

(5) Underground facilities must have at least two safety exits to
the ground surface.

(6) The use of the URL for communication purposes should also
be considered.

6.1.2. Preliminary design

According to the design principles and the experiences of URLs
built in other countries and the specific engineering conditions at
the Beishan site, three schemes of the underground structure for
the Beishan URL were proposed, namely multi-shaft + multi-level
tunnels, spiral ramp + multi-shaft + multi-level tunnels, and
double ramps + single-level tunnels. More detailed investigations
suggested that the second scheme mostly meets the key re-
quirements for the URL. Therefore, the Beishan URL is preliminarily

Table 7
Research organizations and durations of in situ tests performed in the BET.

In situ test Institution

3D fracture mapping
and modeling Geology (BRIUG)

In situ detection test of the China University of Mining and
unfavorable geological condition Technology (Beijing)

EDZ characterization and Institute of Rock and Soil Mechanics,
groundwater monitoring test Chinese Academy of Sciences

Deformation monitoring test of ~ Engineering University of People’s
surrounding rocks Liberation Army of China

Dynamic disaster monitoring Sichuan University, and China University of
Mining and Technology (Beijing)

Beijing Research Institute of Uranium
Geology (BRIUG)

The Fourth Research and Design
Engineering Corporation of CNNC

Institute of Rock and Soil Mechanics,
Chinese Academy of Sciences

Beijing Research Institute of Uranium

Drill-and-blast test
Grouting in BET

Advanced support in
Shiyuejing fault

designed with one access ramp for material transport, three shafts
for personnel transport and ventilation, and two-level tunnels for
in situ experiments, as shown in Fig. 27.

The maximum depth of the Beishan URL is designed at —560 m.
The access ramp will be 7970 m in length, with a cross-sectional
diameter of 7 m, maximum inclination of 1:10 and maximum curve
diameter of 400 m. Among the three shafts, one shaft with a diameter
of 6 mis used for personnel transport and the other two with identical
diameter of 3 m are for ventilation. From the shafts, horizontal tunnels
will be constructed at two levels for in situ experiments, i.e. the main
level at —560 m and the auxiliary level at —240 m.

The construction of the Beishan URL is expected to be completed
within 6 years. The use of a tunnel boring machine (TBM) is pro-
posed for the ramp excavation as it will less disturb the rock mass
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Fig. 21. Energy percent distribution diagram of different cutting patterns. 1: 0—
31.25 Hz, 2: 31.25—-62.5 Hz, 3: 62.5-93.75 Hz, 4: 93.75—125 Hz, 5: 125—156.25 Hz, 6:
156.25—187.5 Hz, 7: 187.5—218.75 Hz, and 8: 218.75—250 Hz.



J. Wang et al. / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 411—435 429

Table 8
Recommended blasting parameters for the construction of the URL.

Parameter Recommended value
Designed footage driving cycle 2m

Charge structure 2 kg/m?

Cutting pattern Double wedge cutting
Surrounding hole distance 30 cm

Detonator type
Detonator connection pattern
Surrounding hole pattern

Millisecond detonator
Series-parallel detonator connection
Slit charge cartridge

and be faster and safer than traditional drill-and-blast excavation.
Moreover, the use of TBM technology has been demonstrated to be
feasible for excavation of the Beishan URL because adverse ground
conditions (Ma et al., 2015, 2016), such as highly fractured zones,
large inflow, mixed face ground and high in situ stresses, will hardly
be encountered at the Xinchang site. The personnel shaft will be
excavated using the drill-and-blast method, followed by the two
ventilation shafts using the raise boring method.

6.2. R&D program in the Beishan URL

The technical R&D plan in the URL provides a basic guidance for
URL construction and operation and plays an important role in

Borehole
Radar

Ultrasonic
velocity

Sensitive to a hole

Sensitive to fractures with wide aperture

A S

implementation of the geological disposal program. The R&D plan
of the Beishan URL is based on the national geological disposal
program, the experience and lessons gained from other URLs in
operation, the research requirements proposed by more than 20
relevant research organizations in China and extensive consultation
with international experts. It is noted that the R&D plan will be
periodically updated as research progresses.

6.2.1. Stages of the R&D program

As for some representative URLs, such as Aspé in Sweden,
Meuse/Haute Marne in France and ONKALO in Finland, the research
program is implemented in stages, with the main stages being pre-
investigation stage before URL construction, URL construction stage
and URL operation stage. According to the development of HLIW
disposal in China, activities in each research field will be imple-
mented step by step, and the whole R&D program in the Beishan
URL is divided into five stages:

(1) Stage 0: Baseline monitoring stage;

(2) Stage I: URL construction stage;

(3) Stage II: Short-term operation stage, 0—5 years after the
completion of the URL construction;

(4) Stage IlI: Medium- and long-term operation stage, 5—20
years after the completion of the URL construction; and
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Fig. 22. In situ tests for EDZ characterization: (a) Distribution of monitoring boreholes, (b) GPR measurement, (c) P-wave velocity measurement, and (d) AE monitoring results

(Chen et al., 2017b; Wang et al., 2017).
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Fig. 23. Schematic diagram of fault detection on the inclined ramp: (a) Radar detection profile and geological interpretation results, and (b) An overview of the detection results.

(5) Stage IV: Forward operation stage, 20 years after the
completion of URL construction.

6.2.2. Stage 0: Baseline monitoring

The main objectives of Stage 0 are to obtain the baseline data
(e.g. initial geological, hydrological and ecological data), to establish
the long-term monitoring system for the URL site and its sur-
rounding environment, and to establish a rock suitability criterion
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Fig. 24. Displacement of surrounding rocks after tunnel excavation.

system that will serve for repository design and construction. The
rock suitability criterion system will be implemented, verified and
optimized during URL construction and operation.

6.2.3. Stage I: URL construction

The construction stage of the URL is important for site charac-
terization with respect to investigation of hydromechanical re-
sponses of rock to excavation of the ramp and shafts. Additionally, it
offers us a chance to verify construction technology, following the
same rules that will be used in repository construction. The main
objectives of Stage I are to perform site characterization, to develop
and verify the methods of characterizing the deep geological
environment, and to develop suitable construction technology for
deep rock engineering.

In accordance with the research objectives, many tests focusing
on site characterization and engineering technology will be per-
formed during URL construction, as shown in Table 9. The test lo-
cations at the main experimental level of —560 m and along the
ramp are respectively presented in Figs. 28 and 29. Site character-
ization activities, such as geological mapping, 3D laser scanning,
geophysical exploration and rock mass quality evaluation, will
continue along with ramp excavation. Activities related to engi-
neering construction technology, such as TBM penetration test, in
situ stress measurement, hydraulic test and EDZ evaluation, will be
conducted along the ramp and at the level of —560 m. In parallel
with the above activities, equipment to be used in Stage II will be
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Fig. 25. 3D model of joint traces identified in the BET.

Red : Set-1
Blue : Set-2

Fig. 26. 3D model of the joint network for the surrounding rock mass of the BET.

developed in surface laboratories and then tested in the URL, e.g.
excavation equipment for the deposition hole, installation equip-
ment for the buffer material, and equipment for radionuclide
migration testing.

6.2.4. Stage II: Short-term operation

The main objectives of Stage II are to better understand the site
with the aim to evaluate the site suitability for a repository, to
understand the evolution mechanism of the long-term perfor-
mance of a multi-barrier system step by step, and then to verify and
optimize the conceptual model for HLW disposal and repository
design.

The main test program in this stage will focus on detailed site
characterization, different kinds of in situ tests for monitoring and
understanding the long-term performance of multi-barrier (espe-
cially interactions between the engineering materials), demon-
stration of different excavation equipment for disposition holes and
small-scale testing of key radionuclide migration. Activities of site
confirmation for large-scale tests to be conducted in the next stage
will also be performed according to the detailed site information.
The main tests to be conducted in Stage II are listed in Table 10.

6.2.5. Stage Ill: Medium- and long-term operation

The main objectives of Stage Il are to obtain the long-term
performance parameters of multi-barrier systems for different
waste types, to obtain radionuclide migration characteristics
and reliable data for performance assessment, to develop and

demonstrate disposal process technologies, and to establish an

industrialized technology system for repository construction.
Most activities in this stage will focus on the full-scale tests of

long-term performance of the engineered barrier system under

Fig. 27. Preliminary design of the Beishan URL with one access ramp, three shafts and
experimental tunnels.
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Table 9
Test program in Stage I.
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Research field

Test program

Site characterization

Engineering Engineering
technology construction
Engineering
barrier
Disposal
process
Geological disposal chemical
behavior

(1) Geological mapping

(2) Borehole hydraulic test in EDZ

(3) Hydraulic test in faults and fractured zone
(4) Geochemical properties in deep rock mass
(5) Comprehensive geophysical exploration

(6) 3D in situ stress measurement in deep rock
mass

(7) Detailed investigation of fracture in the rock
mass of URL

(8) Long-term monitoring of environment in
the URL site

(1) Drill-and-blast test

(2) TBM penetration test

(3) EDZ evaluation test

(4) Advanced detection technology test

(5) In situ test of grouting technology

(6) In situ test of rockburst tendency evaluation
(7) Monitoring of long-term deformation of
surrounding rock, and key parameters of
supporting facilities

Test of installation technology of buffer material

Development of excavation equipment for
deposition hole

Technology verification for radionuclide
migration test

Demonstration of boring machine
fordisposition hole
Demonstration of installation
technology of buffer material

Monitoring of key parameters of rock
mass during URL construction

Main experimental level at -560m

thermo-hydro-mechanical-chemical (THMC) coupling conditions,
large-scale tests of radionuclide migration and retardation studies
under repository conditions that further clarify the mechanisms and
support performance assessment models, and disposal process tests
that demonstrate the engineering feasibility of the operation and
closure of the repository, such as backfill and plug testing, canister
retrieval testing and prototype repository demonstration testing.
The main tests to be conducted in Stage III are listed in Table 11.

6.2.6. Stage IV: Forward operation

With comprehensive tests and verifications during the previous
stages, the technologies developed for repository design and con-
struction are supposed to fulfill the requirements. Hence, the de-
mand for URL activities in Stage IV will decrease. The main activities
in this stage will be of further investigations on the long-term
performance of multi-barrier systems for different types of waste,
prototype testing of final disposal, and long-term environment
monitoring. Research activities provoked during repository con-
struction will also be conducted in Stage IV.

7. Conclusions
(1) To ensure the sustainable development of nuclear energy in

China, a three-phase long-term plan has been published to
guide R&D for the geological disposal of HLW, with major
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milestones being to build a URL by 2020 and a national
geological repository by 2050.

(2) A strategy and technical road map to develop China’s URL

have been proposed. The strategy is to build an area-specific
URL in a representative granite formation within an area that
has been identified as having the greatest potential for a
geological repository in China. It will be a large-scale facility
with full functionality, and will be about 560 m deep, similar
to the future repository depth. The URL will serve for tech-
nology development and demonstration, site characteriza-
tion and public acceptance, and will be open to domestic and
international cooperation.

(3) Siting criteria for the URL have been proposed with basic

considerations, excluding criteria and specific criteria. With
the guidance of siting criteria and according to the achieve-
ments in site selection for the HLW repository in China, site
selection for the URL has been successfully conducted since
2015. Nine candidate sites from the Beishan, Xinjiang and
Inner Mongolia regions were selected for a comprehensive
comparison. Finally, the Xinchang site in the Beishan region
was recommended as the preferred site for the URL, while
the Shazaoyuan site is considered as the back-up site. Hence,
the first URL to be built in China is called the Beishan URL.

(4) Systematical site characterizations, including surface map-

ping, borehole drilling and tests, have been conducted at
the Xinchang URL site since 2015. The objectives are to
investigate rock types, faults, the fracture distribution and
hydrogeological, geochemical and engineering geological
conditions of the site, to establish a 3D geological model, and
finally to provide necessary data for URL design, excavation,
construction and future in situ tests in the URL. The results
have identified that the major rock types at the Xinchang URL
site are biotite monzonitic granite and biotite granodiorite,
while the rock mass has high integrity, low fracture density,
very low permeability and relatively low in situ stress. The
geological, hydrogeological, geochemical and engineering
conditions at depth have shown that the Xinchang site is
favorable for the construction of a URL.

(5) To validate and develop construction and safety technologies

for the Beishan URL, a small pilot underground facility called
the BET has been built. The BET is a 50-m-deep facility, where
different in situ tests, such as drill-and-blast tests, EDZ
characterization, advanced detection of unfavorable geolog-
ical conditions, deformation monitoring of surrounding
rocks and 3D fracture mapping and modeling, have been
conducted. The technology developed in the BET and the
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Table 10
Test program in Stage II.
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Research field

Test program

Site characterization

Engineering
technology

Engineering
construction

Engineered
barrier

Disposal
process

Geological disposal chemical

(1) Detailed investigation of site
characteristics (geology, hydrogeology,
geochemistry, etc.)

(2) Long-term performance test of host rock
under thermo-hydro-mechanical (THM)
coupling condition

(3) Monitoring of key parameters of host
rock mass

(4) Long-term monitoring of environment
surrounding URL site

(1) EDZ study (EDZ damage and evolution
characterization, sealing technology test)
(2) Pillar stability test

(3) Excavation test of deposition tunnel
(1) Long-term performance test of buffer/
backfill material

(2) Long-term performance test of canister
(3) THM coupling test of buffer material
(4) Test of interaction between buffer
material and canister

(1) Development and demonstration of
disposal equipment (excavation, drilling,
installation, etc.)

(2) Small-scale vertical/horizontal disposal
tests

(1) Radionuclide release behavior under

behavior simulated repository conditions
(2) Small-scale test of key radionuclide
migration
Table 11

Test program in Stage III.

Research field

Test program

Site characterization

Engineering
technology

Engineering
construction

Engineering
barrier

Disposal
process

Geological disposal chemical
behavior

(1) Two-phase flow test

(2) Gas migration test

(3) Long-term monitoring of key water-
conducting fracture zone

(4) Long-term monitoring of environment
(1) Test and demonstration of excavation
technology of repository chambers

(2) Test of remote monitoring technology of
repository

(1) Full-scale test of engineering barrier for
HLW repository

(2) Full-scale test of multi-barrier system
under THMC conditions

(3) Effects of microbiological, gas and
organic substances on the long-term
performance of buffer/backfill materials
(4) Long-term performance test of multi-
barrier system with different waste types
(1) Horizontal disposal test

(2) Backfill test

(3) Plug test

(4) Prototype test of final disposal

(5) Canister retrieval test

(1) Radionuclide release behavior test
under repository condition

(2) Large-scale test of radionuclide
migration

(3) Large-scale test of radionuclide
retardation

(4) Colloid and radionuclide retardation
(5) Colloid formation and migration

experiences accumulated have provided technical prepara-

tions for the future Beishan URL.

(6) A design of one access ramp + three shafts + two-level
tunnels has been proposed as the preliminary layout of the
Beishan URL. The access ramp, which will be excavated by a

TBM, has a length of 7970 m, a diameter of 7 m, a maximum
inclination of 1:10 and a maximum curve diameter of
400 m. Among the three shafts, the one with a diameter of
6 m is used for personnel transport and the other two with
the same diameter of 3 m are for ventilation. Furthermore,
the URL contains two levels of tunnels, i.e. the main
experimental level at —560 m and the auxiliary experi-
mental level at —240 m. R&D programs during the con-
struction and operation of the URL have been proposed.

All the efforts made in the past 33 years, all the achievements of
site selection and site characterization at the Xinchang site, and all
the developed and prepared technologies have laid a sound foun-
dation for the development of China’s first URL for the geological
disposal of HLW, i.e. the Beishan URL. It is anticipated that the
construction of the Beishan URL will soon begin, while the tech-
nologies and experience to be obtained from the URL will
contribute greatly to the future success of a HLW geological re-
pository in China and similar facilities around the world.
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