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The Mizunami Underground Research Laboratory (MIU) Project is a comprehensive research
project investigating the deep underground environment within crystalline rock being conducted by
Japan Atomic Energy Agency at Mizunami City in Gifu Prefecture, central Japan and its role is
defined in “Framework for Nuclear Energy Policy” by Japan Atomic Energy Commission. The MIU
Project has three overlapping phases: Surface-based Investigation phase (Phase I), Construction
phase (Phase II), and Operation phase (Phase III), with a total duration of 20 years. The overall
project goals of the MIU Project from Phase I through to Phase III are: 1) to establish techniques for
investigation, analysis and assessment of the deep geological environment, and 2) to develop a range
of engineering for deep underground application. During Phase I, the overall project goals were
supported by Phase I goals. For the overall project goals 1), the Phase I goals were set to construct
models of the geological environment from all surface-based investigation results that describe the
geological environment prior to excavation and predict excavation response.  For the overall project
goals 2), the Phase I goals were set to formulate detailed design concepts and a construction plan for
the underground facilities. This report summarizes the Phase I investigation which was completed in
March 2005. The authors believe this report will make an important milestone, since this report
clarifies how the Phase I goals are achieved and evaluate the future issues thereby direct the research
which will be conducted during Phase II.

With regard to the overall project goals 1), “To establish techniques for investigation, analysis
and assessment of the deep geological environment,” a step-wise investigation was conducted by
iterating investigation, interpretation, and assessment, thereby understanding of geologic
environment was progressively and effectively improved with progress of investigation. An
optimal procedure from investigation to assessment was compiled as a set of geosynthesis data flow
diagram for each investigation step. With regard to the overall project goals 2), “To formulate
detailed design concepts and a construction plan for the underground facilities,” an optimal design of
MIU was completed with the aim to provide a foundation for engineering technologies in deep
underground to safely construct and operate an underground facility which will be built for the
purpose of acquiring data and demonstrating disposal technologies.

Thus, this report summarizes geosynthesis procedures to investigate and assess the crystalline
rock, and development of individual investigation and assessment methods. At the same time,
technical findings and know-how which can serve as foundation to implementation of the disposal
project were compiled. Also, this report clarified the necessity for the Phase II and Phase III
investigation by compiling unresolved issues during the Phase I investigation.

The results described in this report will be utilized as technical knowledge of disposal
technology and effectively used to enhance technical foundation which will support both the
implementation and formulation of safety regulations.

Keywords: Mizunami Underground Research Laboratory (MIU) Project, Crystalline Rock,
Surface-based Investigation (Phase 1), Deep Geological Environment
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1. Introduction

The Mizunami Underground Laboratory project (MIU project) is a comprehensive research and
development (R&D) project aimed at studying the crystalline rock formations at Mizunami City in Gifu
Prefecture, central Japan. The MIU project was initiated in 1996 by the Power Reactor and Nuclear Fuel
Development Corporation (PNC), which subsequently became the Japan Nuclear Cycle Development
Institute (JNC) and is now the Japan Atomic Energy Agency (JAEA). Together with the Horonobe
Underground Research Laboratory project, which is focusing on sedimentary rock formations, the MIU
project is one of the two deep underground research laboratory (URL) projects prescribed in “Long-term
Program on Research, Development and Utilization of Nuclear Energy” (Long-Term Program)” and
“Framework for Nuclear Energy Policy” (Framework)® , both of which were issued by the Atomic Energy

Commission of Japan (AEC).

This report describes the results of investigations carried out during the surface-based investigation phase
(Phase I) of the MIU project. Section 1.1 provides an overview of the URL projects within the context of
the Japanese geological disposal program; Section 1.2 describes the R&D program of the MIU project and

Section 1.3 discusses the aims and outline of this report.

1.1 General background

1.1.1 URL projects

Building on the technical basis provided by JNC’s report “H12: Project to Establish the Scientific and
Technical Basis for HLW Disposal in Japan” (H12 report)3), the geological disposal program for high-level
radioactive waste (HLW) in Japan has moved from the stage where only R&D is performed to the
implementation stage, in which a geological disposal project and safety regulations will be implemented.
Necessary R&D activities will be continued in parallel. In June 2000, the Specified Radioactive Waste
Final Disposal Act (the Act) was promulgated and, based on this legislation, the Nuclear Waste
Management Organization of Japan (NUMO) was established as the implementation body for the
geological disposal of HLW in October of the same year. The Nuclear Safety Commission of Japan (NSC)
issued the “Basic Concept of Safety Regulation on HLW Disposal” First Report”. Thus, the preliminary

framework for the geological disposal project and the associated safety regulations has been established.

AEC then specified a new national program framework in its Long-Term Program”, which outlined the
activities leading up to final disposal of HLW and who would be responsible for performing these. NUMO
“..should take charge of developing those consistent with the safe implementation of the final disposal
project and with the improvement of its economic performance and efficiently”. The government and

¢

related organizations “...should actively push forward with research and development projects necessary
for safety regulation and safety assessment of the final disposal, with fundamental research and
development activities, including scientific studies of the deep geological environment, and with
development of technologies to enhance the reliability of geological disposal technology”. In particular,

¢

IJNC was assigned responsibility to “...steadily carry on research and development activities to verify the
reliability of geological disposal technologies and to establish a safety assessment method, using research
facilities for deep geological environments and the Quantitative Assessment Radionuclide Migration

Experiment Facility in Tokai village”.
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In accordance with those responsibilities assigned to it in the Long-Term Programl), JNC formulated an
R&D program for the stages following submission of the H12 report. This was published as the “Generic
Program for R&D on Geological Disposal of HLW” (Generic Program)’. In the Generic Program and
within the context of improving ‘the technical reliability of geological disposal in Japan’, demonstrated in
H12 report, and enhancing the technical basis supporting the disposal project and the associated safety
regulations, two goals were set for the R&D program: ‘confirmation of the applicability of disposal
technologies to specific geological environment’ and ‘understanding of the long-term behavior of the
geological disposal system’ (Figure 1.1.1-1). The aim of the former was to confirm the reliability and
practicability of technologies developed to date by applying them to specific geological environments; the
latter was intended to improve the reliability of the evaluation by increasing the understanding of various
phenomena that affect the disposal system and to improve the associated models and databases. The URLs
were focal points for achieving the first goal. In the Generic Program, the R&D program was divided into
two areas: ‘R&D on geological disposal technology’ and ‘geoscientific research’. The former involves
improving the reliability of the disposal technologies and developing advanced safety assessment
methodologies, while the latter forms the necessary basis for the former. Specific R&D items were set for
each area. Since JNC was merged with the Japan Atomic Energy Research Institute (JAERI) to form JAEA,
R&D has continued in line with the above two R&D goals. A new fundamental policy report of JAEA
entitled “Plan for Meeting the Midterm Goal — Midterm Plan (October 1, 2005 to March 31, 2010)”
(Midterm Plan)é) states that JAEA will pursue R&D in the fields of geoscientific research and geological
disposal technologies. The URL projects at Mizunami in Gifu, central Japan and Horonobe in Hokkaido,

northern Japan are mentioned specifically in the Midterm Plan.

The R&D activities summarized in the H12 report were carried out to demonstrate the basic technical
feasibility of geological disposal in Japan, without specifying any particular geological environment. In
order to improve the technical reliability of geological disposal and enhance the technical basis for the
disposal project, it was important that the practicability and reliability of the technologies used in the H12
report should be demonstrated by applying them to specific geological environments; URLs can be used

for this purpose.

It was proposed that “two or more URLs should be constructed, considering the range of characteristics

"D JNC therefore set up the Mizunami URL project” for

and distribution of the geology of Japan
investigating crystalline rock with fresh groundwater and the Horonobe URL project” for sedimentary rock
with saline groundwater (Figure 1.1.1-2). Both projects consist of three phases that will extend over a

period of around 20 years'”:

surface-based investigations (Phase I), investigations during tunnel
excavation (Phase II) and investigations in the underground facilities (Phase III). For the MIU project,
these are called the surface-based investigation phase (Phase I), the construction phase (Phase II) and the
operation phase (Phase III) (Table 1.1.1-1). It should be noted that the investigations for repository site
selection, which will be carried out by NUMO, will also proceed stepwise, with literature surveys,
preliminary investigations and detailed investigations (surface-based investigations in the early stages and
those in underground facilities in the later stages) over a period of around 20 years, as specified in the Act.
Phase I of the URL projects corresponds to the preliminary investigations and the first half of the detailed
investigations in the NUMO program and Phases II and III to the detailed investigations using underground

facilities. The technical basis for the preliminary investigations has been developed by synthesizing the
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results in the HI2 report and investigations carried out during Phase I of the URL projects. It is of
importance that the reliability of surface-based investigations and associated modeling techniques should
be improved during Phase II investigations; for instance, geological environment models developed during
Phase I should be tested using geological data obtained during Phase II. This is defined also in the national
“R&D Program for the Geological Disposal of HLW”'"; the goal of the fundamental R&D in Phase 2
(2006-2010) will be to establish the technical basis for surface-based investigations and that in Phase 3

(after 2011) to establish the technical basis for investigations using underground facilities.

R&D goals R&D items

Geoscientific research
Characterization of the geological
environment

Confirmation of the applicabilit%/ of
disposal technologies to specitic

geological environment

Study on the long-term stability of the
| Techniques for characterization and r geological environment

assessment of the geological environment Development of engineering techniques for
application deep underground

| Engineering technologies for construction,

’ — Natural analogue study
operation and closure
Repository design and safety assessment R&D on geological disposal technology
== methods responsive to the stepwise - Improvement of the reliability of
increase in geological information disposal technologies

Fundamental DBs for EBS

Understanding of the long-term
behavior of the geological disposal

Study of coupling processes in near-field |
|

Demonstration of engineering technologies

system

Confirmation of the applicability of
repository design methods

Understanding of long-term evolution of the |
geological environment

Development of advanced safety
assessment methodologies

Establishment of DBs for nuclides migration |

Further development of DBs for repository
design and safety assessment

Development of advanced assessment

Development of advanced mechanistic models
== models for EBS and the geological Establishment of safety assessment
environment methodology
Confirmation of the applicability of safety
. Development of methodology for total assessment methodology

system performance assessment

Figure 1.1.1-1 Goals of the R&D plan (2001-2005) mapped onto specific work areas
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Horonobe URL Project

Mizunami URL Project

(Mizunami City, Gifu Pref.) (Horonobe Town, Hokkaido Pref.)

Granite ey : Mudstone
(Crystalline rock ) ==X e A (Sedimentary rock)
Fresh water " Saline water
Hard rock H Soft rock

Fig. 1.1.1-2 Two generic URL projects in Japan

Table 1.1.1-1 Schedule of the MIU project

Fiscal year 2000 2010 2020
Research
Phase | I
Phase Il 4
Phase Il A
Design and construction of facilities
Site preparation [ |
Shaft excavation |
Middle and Main Stage construction [ ] [ |

1.1.2 R&D goals of the URL projects

The primary goal of the R&D in the URL project is to improve the reliability of geological disposal
technologies by applying them to specific geological environments. In the H12 report, techniques and
methods for characterizing the geological environment were developed based on studies carried out in
existing tunnels in the Tono mine (sedimentary rock) and the Kamaishi mine (granitic rock), as well as
joint research projects in overseas URLs. After comparing and reviewing the information acquired in these
studies and from key literature, it was demonstrated that a safe repository could be designed and
constructed economically based on current engineering technologies or if necessary future developments
thereof and that the long-term safety of geological disposal could be assessed by current modeling and
simulation techniques. It can be concluded that the H12 report successfully demonstrated the feasibility of

geological disposal in principle combining information from various fields.

The reliability of geological disposal technologies will be evaluated based on information on the geological
environment accumulated with the progress of the URL project, with investigations advancing stepwise
starting from undisturbed conditions. A stepwise approach helps in enhancing and ensuring the depth of
understanding of the deep geological environment and eventually developing a sound technical basis for
systematically characterizing the deep geological environment. Design and construction of URLs based on

the geological information acquired will result in developing engineering technologies relevant to
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geological disposal programs. A key technical challenge for the geoscientific research in the URL project
will thus be to establish the basis for techniques for characterizing the geological environment and

engineering technologies for use in the deep underground.

The information and knowledge acquired through geoscientific research will be used as key input for R&D
aimed at improving the reliability of repository engineering technologies and developing advanced safety
assessment methodologies. In addition, rock and groundwater samples obtained in the geoscientific
research will be utilized in the R&D. In this way, the applicability of geological disposal technologies can
be confirmed. Consequently the relationship between the degree of understanding of the geological
environment and the sensitivity of the characteristics of the geological environment in a safety assessment
or the required volume of investigations can be reviewed by feeding the confirmed results back into
geoscientific research. Key issues for the planning and/or evaluation of repository design and construction
can be identified and compiled as a knowledge base, depending on the progress of the stepwise
investigations and the depth of understanding of the geological environment. Laboratory and
engineering-scale experiments under controlled conditions or experiments using radionuclides also provide
an understanding of various phenomena relevant to the geological disposal system. In the Horonobe URL
project, R&D on geological disposal technology is conducted in parallel with geoscientific research, which,
particularly in the phases subsequent to Phase II of the project, will involve using drifts for experiments to
confirm EBS construction technologies and their performance in sedimentary rock and in situ experiments

for improving the reliability of safety assessment models'?.

1.1.3 Role of the URL projects in Japan

The role of the URL projects in Japan is to develop and confirm the relevant technologies that will be
applied in a real geological environment. This is achieved by maintaining an awareness of the overall goal
— accurate understanding of the geological environment — while setting tasks such as data acquisition and
evaluation of the applicability of the technologies. This will lead to optimization and improvement of the
technologies, as well as an understanding of the adequacy and limitation of technologies. Understanding
the limitations of the technologies will form a basis for the detailed planning of repository implementation
and the formulation of realistic safety regulations. Since the waste disposal project will proceed stepwise,
as specified in the Act, and safety regulations will be developed in accordance with the progress of the
waste disposal project, these activities should be preceded by R&D that will provide a sound technical
basis for them. It is of particular importance that the results from each URL investigation phase should be
synthesized and reported with an appropriate lead-time for the site selection process. This is also essential
for reviewing the design and safety assessment methodologies for the geological disposal system using
information on the specific geological environments, which will be acquired through the URL program.
This will thus ensure adequate techniques for characterizing the geological environment efficiently and an
efficient approach to reviewing the design and safety assessment methodologies for the geological disposal

system based on limited stepwise information on the geological environment.

When designing a disposal system and evaluating its safety based on the results of characterization of the
geological environment, major challenges include understanding the spatial heterogeneities of the actual

geological environment and addressing the uncertainties associated with these heterogeneities. This



JAEA-Research 2010-067

involves frequent trial and error and repeated feedback. In general, the depth of understanding will increase
in proportion to the extent of investigations. However, the further the investigations progress, the less the
increase in understanding and cost effectiveness of the efforts become. Detailed investigations of the
geological environment generally involve high costs and no investigations, however detailed, will result in
complete understanding. The geological disposal system is inherently associated with various degrees of
uncertainty and the degree of conservativeness to be taken into consideration in the repository design will
vary depending on the level of uncertainty associated with the understanding of the geological environment.
For the actual disposal project, this will be reflected in the degree of conservativeness in the repository
design and, subsequently, in the construction costs. Understanding the geological environment and
reflecting the remaining uncertainties in the margins included in the design and safety assessment is thus a
complex issue and the investigations have to reduce the uncertainties to an acceptable level. Hence, in each
investigation in the stepwise site selection process, it will be important to examine the objectives and
content of the investigations by assessing the level of understanding to be achieved and the requirements to
be considered, as well as identifying issues and uncertainties to be carried over to the next stage. Even for
investigations of a similar scale, the accuracy of the results and the depth of understanding obtained will
vary depending on the geological and geomorphic conditions and the social environment at the site. In
order to reflect such realistic conditions, it is important not only to prepare catalogues of investigation
techniques and equipment, but also to accumulate experience at the site and to learn from actual case
studies. The experience and knowledge gained in the URL projects should support methodologies for
investigations for repository site selection and be used to establish safety regulations. For the URL projects,
efforts should be made to build a knowledge base and to systematize multidisciplinary results and
technological successes as well as experience with failures, recognizing that the latter are also important
aspects of the ongoing R&D. The approach to the investigations in the URL projects is thus not linear, but
involves a process in which planning, execution and evaluation are iterated in each phase. Recognizing the
relationship between the progress of investigations and the depth of understanding and reduction of
uncertainties will result in optimization of the investigation program as a whole, with the findings of

preceding phases being reflected in subsequent phases.

It is stated in the Long-Term Programl) that “The research facility for deep geological environment will
serve not only as a place for scientific investigation, but also as a place for deepening public
understanding of research and development activities related to the geological disposal of waste.
Accordingly, this research facility project should be clearly distinguished from the disposal facility”. It is
worth noting in this respect that an agreement between JAEA and the local government restricts JAEA’s
activities in the sense that “JAEA will never bring or use HLW in the URLs and JAEA will never lend or
transfer the URL facilities to the implementing entity”. Collaborative research with domestic and overseas
organizations and experts will also be pursued intensively in the URL projects. The public will have the
opportunity, in the URLSs, to experience the deep geological environment first-hand and to increase their
awareness of geological disposal and the associated R&D activities. The investigation program and results
of the URL projects will be open to the local and national public. An agreement between JNC (now JAEA)
and the local government defines two boundary conditions for JAEA’s activities in the MIU project: 1)
JAEA may never bring or use HLW in the area used for the project and, ii) JAEA may never lease or

transfer the URL facilities to the implementing organization.
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1.2 The Mizunami URL project

1.2.1 Background

Fig. 1.2.1-1 shows geological map and geological section of the Tono area. Around the MIU Construction
Site, Tertiary sedimentary rocks widely and unconformably overlay the Cretaceous Toki Granite, which
was emplaced ca. 60-70 Ma ago'”. The Tertiary sedimentary rocks are lithologically divided into the
Mizunami Group (age ca. 15-20 Ma) and the Seto Group (1.5-12 Ma). The Mizunami Group is further
sub-divided into the Toki Lignite-bearing Formation, the Akeyo/Hongo Formation and the Oidawara
Formation, in ascending order. The lower part of the Mizunami Group is mainly composed of tuff,
silt/sandstone and conglomerate. The middle and upper parts of the Mizunami Group are mainly composed
of mudstone and silt/sandstone alternating with shallow marine facies. The Seto Group consists of
unconsolidated clay, sand and gravel. The Toki Granite is typically felsic and is sub-classified by biotite
content. The most significant structure in the area is the Tsukiyoshi fault, which has an E-W trend and a dip
of 70-80° to the south. The Toki Granite and Mizunami Group are both cut by the fault, with
approximately 30 meters of vertical displacement'?. The underground facilities of the MIU project will be
constructed mainly in the Toki Granite basement (Fig. 1.2.1-2). Topographically, the Tono area, where the
MIU Construction Site is located, is hilly and bounded by the Mino-Hida Highland to the north-west and
the Mikawa Highland to the south-east. In the highlands area to the north, the antecedent Kiso River forms
a deep valley. In the central part of the area, the Toki River flows from north-east to south-west. Terraces
developed along the Toki River and its tributaries form platforms and alluvial deposits extend into the

lowlands along the river.

The MIU project was initiated in 1996 at the JAEA-owned Shobasama Site in Mizunami, Gifu Prefecture
under an agreement between the local governments of Gifu Prefecture, Mizunami City, Toki City and PNC
(now JAEA), with the approval of the Science and Technology Agency (now the Ministry of Education,
Culture, Sports, Science and Technology) signed in December 1995, entitled “Agreement on Geoscientific
Research at the Tono Geoscience Center.” In January 2002, JNC and Mizunami City concluded a lease
contract for city-owned land at Akeyo in Mizunami, finalizing the decision to construct the underground
facilities and related installations of the MIU project at this location”. Preparation of the land for the
project began in July 2002, with excavation of the shaft basement in July 2003, followed by initiating full
excavation work for the shaft in 2004. The Phase I investigations at the MIU Construction Site extended
over three years from 2002 to 2004.

The Tono Geoscience Center program preceded the MIU project, with studies being carried out in
sedimentary rocks in the Tono mine between 1986 and 2003. A Regional Hydrological Study (RHS) was
initiated covering an area of 10 km x 10 km encompassing the Tono mine in 1992. With the exception of
long-term hydraulic monitoring, the field work of the RHS was completed in March 2006 and the results
were compiled in detailed reports'>'®. Since the area covered by the RHS included the MIU Construction
Site, long-term monitoring of changes in groundwater chemistry and pressure associated with the
construction of the MIU underground facilities continued around the MIU Construction Site, using existing
monitoring systems and boreholes. The program at the MIU Construction Site has incorporated the results

of investigations at the Shobasama site as well as those from the RHS.
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1.2.2 Goals and approach of the MIU project

The overall goals of the MIU project defined in the basic program for geoscientific research at the MIU®
include:

1)  To establish techniques for investigation, analysis and assessment of the deep geological environment

2)  To develop a range of engineering for deep underground application

These goals correspond to the investigation of the geological environment and establishment of the basis
for engineering technologies for deep geological applications relevant to geoscientific research as defined

)

in the Generic Program® mentioned in section 1.1.2.

A description of these goals is given below.

(1) Establishing techniques for investigation, analysis and assessment of the deep geological
environment

This goal involves clarification of the geology, flow and chemistry of groundwater, thermal and
mechanical rock properties, solute transport in the rock and the effects of tunnel excavation on the
surrounding rock. Through implementation of the MIU project, the understanding of the deep geological
environment will be improved and the technical basis for systematic investigation, analysis and assessment

techniques will be established.

More specifically, during the stepwise investigations in the MIU project, the reliability and applicability of
investigation techniques and assessment methods developed to date will be checked by applying them to
actual geological environments. As part of this process, the understanding of the geological environment
will become more detailed and the acquired geological information will be refined. Geological
environment models will also be tested and investigation techniques and assessment methods will be
improved. These will then be integrated into a system applicable to relevant geological environments in
each step. The emphasis will be on demonstrating a range of methodologies for understanding the
geological environment, including data acquisition, modeling and analyses. In addition, as shown in the
Midterm Plan®, in order to establish a knowledge base for geological disposal technologies that support
both the disposal project and formulation of safety regulations, experience including examples of inherent
partial successes will also be compiled. Key issues in this respect include how to determine the spatial
heterogeneity associated with the properties of the geological environment and how to deal with the
uncertainties resulting from this heterogeneity. The knowledge and know-how built up in this process will

form the technical basis that supports the disposal project and safety regulations more profoundly.

(2) Developing a range of engineering for deep underground application

This goal involves establishing the basis for developing the engineering technologies required to construct
the underground facilities, with the objective of acquiring data and demonstrating technologies that are
unique to geological disposal in terms of their design, construction and maintenance. The goal is to
construct and provide maintenance for the underground facilities as an investigation tool for understanding
the deep geological environment and to establish a research field for the deep underground environment.
The technologies developed and experience accumulated through the design, construction and maintenance

of the underground facilities will serve as the technical basis for the detailed investigations carried out for
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the selection of a final repository site in the actual disposal project.

Specifically, in the MIU project, based on the information on the geological environment obtained in Phase
I, the deep underground facilities, where investigations and examinations will be conducted, will be
designed based on conventional civil (tunnel) engineering and mining engineering technologies. The
facilities will then be constructed safely and economically in Phase II. At this stage, information obtained
through these activities (including measured data) will be fed back into the design and construction
projects in order to check their applicability. Major challenges include the development of methods for
evaluating the effects on the geological environment associated with the excavation of the underground
facilities and the development of technologies for avoiding, remediating or minimizing these effects®. The
design and construction of the underground facilities will also enhance the understanding of the deep

underground environment for the general public.

1.3 Aims and outline of the report on the surface-based investigation

1.3.1 Aims of the report

Synthesis of the results from the Phase I investigations involved systematically compiling the results and
knowledge from surface-based investigations up to the end of March 2005. This synthesis is important for
evaluating the Phase I goals for which the investigations have been carried and for identifying issues to be
addressed in the future, as well as providing guidelines for the investigations in Phase II and subsequent
phases. The results of the synthesis should be used as a knowledge base that supports both NUMO’s
repository implementation (e.g. preliminary investigations and detailed surface-based investigations for
site selection) and the formulation of safety regulations by national agencies (e.g. establishing siting factors
for the selection of detailed investigation areas and guidelines for the safety review). The results of the
Phase I investigations were incorporated into the supporting reports 1 of the project “H17: Development
and Management of the Technical Knowledge Base for the Geological Disposal of HLW” (H17 report)'”
published in September 2005.

The strategy for the synthesis of Phase I was specified as compiling the results of the investigations and
associated knowledge in accordance with the goals of Phase I and defining the investigation needs in Phase
I and subsequent phases. More specifically, all the results obtained during Phase I, including those
obtained after publication of the H17 report, will be compiled and synthesized and, based on future issues
identified in the H17 report and comments provided on the H17 report, the techniques for characterizing
the geological environment and engineering technologies for deep underground application, developed
during Phase I, will be reviewed. Also, from the viewpoint of establishing a knowledge base for geological
disposal technologies, it is important to document the full spectrum of experience, including both successes

and failures.

Details of the formulation of a program for the Construction Phase which is one of the goals identified for

Phase I, are presented in a separate report.
1.3.2 Outline of the report

This report consists of five chapters. Chapter 2 provides an overview of the Phase I geoscientific research,

including the goals of the research in Phase I and how the investigations were conducted. Chapter 3

_10_
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describes the results of the investigation, analysis and assessment techniques for the deep geological

environment, summarizes the technical know-how and findings regarding these techniques for crystalline

rocks from Phase I and the predictions made regarding the deep geological environment and its change as

input for the investigations in Phase II. Chapter 4 compiles the technologies and techniques for the

geoscientific investigations, which were developed through the investigations in Phase 1. Chapter 5 deals

with the establishment of the basis for engineering technologies for application in the deep geological

environment and describes design and construction techniques and safety measures for underground

facilities constructed in hard rock. Chapter 6, the final chapter, summarizes the results of the geoscientific

research in Phase I and discusses future perspectives.
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2. Overview of the surface-based investigation phase of the MIU Project

2.1 Goals of the surface-based investigation phase

The goals of Phase | of the MIU Project are: 1) to construct models of geological environment based on the
results of surface-based investigations that describe the conditions of the deep geological environment prior
to the excavation of the underground facilities and predict excavation response, 2) to formulate detailed
design concepts and construction plan for the underground facilities, and 3) to establish detailed
investigation plans for the construction phasel).

(1) Construct models of the geological environment from all surface-based investigation results
that describe the geological environment prior to excavation and predict excavation response
Information on the deep geological environment was collected through surface-based investigations in
order to characterize the undisturbed conditions of the geological environment in detail before excavating
any underground facilities. Through synthesis and interpretation of the collected data, models of the
geological environment were developed, including a geological model, a hydrogeological model, a
hydrochemical model, a rock mechanical model and a solute transport conceptual model. Based on
information accumulating sequentially during these investigations, the models of the geological
environment were also continuously updated.

Using these models, the conditions in the deep geological environment (e.g. groundwater flow condition,
groundwater chemistry and rock mechanical properties) before excavation of the underground facilities that
are expected to change due to excavation could be estimated.

(2) Formulate detailed design concepts and a construction plan for the underground facilities

In accordance with the investigation program in Phases Il and Ill as formulated in item (3) below, the
detailed layout of the underground facilities should be determined based on information on the deep
geological environment acquired in this phase and on predicted changes in the deep geological environment
associated with the excavation of the underground facilities. Construction techniques and equipment should
also be selected with a view to defining a detailed construction plan, designed to minimize disturbance of
the deep geological environment due to the construction of the underground facilities.

(3) Establish detailed investigation plans for Phase I

A detailed investigation program for Phase Il and an outline investigation program for Phase Il should be
formulated. These programs should be based on the aforementioned information on the deep geological
environment and expected changes caused by the excavation of the underground facilities, considering the
issues requiring R&D identified in the review of the H12 Report.

Taking into account number and resolution of the investigations in Phase I, limited reduction of the
uncertainties associated with the evaluation models for the deep geological environment could be expected.
Bearing in mind the requirements to be considered in the safety assessment of geological disposal and the
design and construction of the underground facilities, the primary output from Phase | was to show,
through case studies, the surfaced-based investigations required and the corresponding level of detail
expected to be achieved. The level of understanding of the geological environment and the uncertainties

_13_
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based on the quality and quantity of the investigations as described above was evaluated through modeling
of the results of integrated investigations on the geological environment. For the testing of the models of
geological environment developed in Phase I, the performance measures were identified and included in the
investigation program for Phase Il and I11.

2.2 Overview of the surface-based investigation phase

2.2.1 Specific aims for investigation

The functions of the geosphere in the repository concept are to provide physical isolation of the waste for
long time periods from the bioshere and a suitable environment for the emplacement and subsequent
performance of the engineered barriers”?. The requirements on the geological environment in terms of
physically isolating waste for a long time period have been listed by NUMO as Siting Factors for the
Selection of Preliminary Investigation Areas. In order to ensure the technical feasibility and safety of
geological disposal (in addition to meeting environmental requirements), the geological environment
studied has to fulfill the conditions and functions described below:

- Existence at a suitable depth and with sufficient spatial extent for the construction of a repository
(ensuring the required rock volume for geological disposal)

- Virtually homogeneous stress conditions and low temperatures (e.g. lower than 40 degree Celsius) in
the geological formations of interest, with a view to ensuring safe design and construction, as well as,
maintaining the integrity of the engineered barriers and disposal facilities

- Small groundwater flux and velocity around the emplacement tunnels combined with moderate
alkalinity and reducing groundwater chemistry, with a view to restricting erosion of the buffer material,
overpack corrosion and glass dissolution

- Slow groundwater flow in the far field, long transport paths and sufficient retardation of radionuclide
transport in order to restrict radionuclide migration

- Large dilution/dispersion of future groundwater fluxes from the repository, thus further reducing
radionuclide concentrations.

To determine specific aims for R&D activities in the Phase | investigations, some important factors to be
characterized and resulting data requirements relevant to safety assessment were identified as shown in Fig.
2.2.1-1. Reference was made in this context to the international generic FEP — Features, Events and
Processes — lists”, as well as examplesz)’S) of investigation items for the preliminary investigations. An
important difference here between the MIU construction site and NUMO?’s preliminary investigation areas
is that one proceeds with Phase Il regardless of the results in Phase I, i.e., MIU is an R&D site and is not
being evaluated as a future repository site. The information on the geological environment obtained for the
MIU Project through the investigations in Phase | will be used in the design and construction of the
underground facilities (see Chapter 4 for details). The important factors to be characterized and the
resulting data requirements should therefore also be defined from the viewpoint of design and construction.

In recent years, increasing emphasis has been placed on the importance of evaluating not only the safety of
the human environment but also the social and environmental impacts of geological disposal projects® 9.
Environmental impact assessments are therefore required, as is the case for other large-scale projects such
as construction of tunnel and dams®. In the MIU Project, the investigations will proceed in parallel with the
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actual construction of the underground facilities and the effects of constructing the underground facilities in
the volume of rock extending from ground surface to deep underground on the surrounding environment
(e.g. groundwater levels, groundwater chemistry, etc.) should be evaluated as a case study. In this context,
and from the viewpoint of design and construction of underground facilities and the environmental impact
assessment, the important factors to be characterized and the resulting data requirements were identified as
shown in Fig. 2.2.1-1 and were set as specific aims to be addressed in the investigations.

The specific aims in the Phase | investigations were to clarify the characteristics of, and processes in, the
geological environment as identified above, focusing mainly on safety assessment as well as the aspects
mentioned above. It was also important, for each investigation discipline, to prepare investigation
techniques for each aim and to integrate these into a systematic investigation and evaluation technology.

2.2.2 Spatial scales

Setting spatial scales is a key issue in effectively understanding the geological environment and its
heterogeneity based on a limited number of investigations. This should be done bearing in mind the need to
reflect the results of the investigations in the safety assessment and in the design and construction of the
underground facilities. The RHS and the MIU Project adopt a stepwise approach to characterizing the
geological environment based on surface-based investigations and evaluation of groundwater flow and
solute transport behavior, focusing on a groundwater flow system extending from the recharge area to
discharge area and including the MIU Construction Site and layout of the underground facilities. Therefore,
four spatial scales were used for the investigations as shown in Fig. 2.2.2-1: regional, local, site and block
scales”.

The idea of using different spatial scales for investigations has been applied in areas other than geological
disposal. Guidelines for the review of geological and surface conditions for nuclear power plants, for
example, require four scales of investigation: at least a 30 km radius from the proposed reactor site, around
a 1 km radius, around a 200 m radius from the proposed reactor unit location and the base rock of the
reactor building. For geological investigations of dam sites, an approach starting with investigations for
acquiring regional information on overall trends, moving to investigation of smaller areas with specific
objectives and investigation items is specified.

Spatial scales and their defined functions for the RHS and the MIU Project are shown in Table 2.2.2-1. For
the RHS, studies were conducted on regional and local scales, while, for the MIU Project, studies were
conducted on site and block scales. Study on the regional-scale was performed to define local-scale area.
Investigations on a local scale address the groundwater flow system including from the groundwater
recharge area to discharge area of groundwater flowing from the ground surface to 1,000 m depth at the
MIU Construction Site. The site-scale area was defined as a rectangular area centered on the MIU
Construction Site, as shown in Fig. 2.2.2-2, considering the distribution of major geological features
including the Tsukiyoshi Fault. The boundary conditions for groundwater flow analyses for the site-scale
area were determined based on output from the local-scale groundwater flow analyses. To determine the
boundary conditions for the site-scale analyses, local-scale groundwater flow analyses considering the
hydrogeological structures that could affect the boundary conditions for the site-scale analyses are required.
Thus, when the locations or hydraulic properties of the hydrogeological structures were changed based on
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site-scale investigations, the local-scale hydrogeological model was also improved. Subsequently, the
boundary conditions for the site-scale analyses were defined based on groundwater flow analyses using the
improved local-scale hydrogeological model (Fig. 2.2.2-3). The block scale is the spatial scale that would
be modeled in detail for determining the stress field around the underground facilities, excavation damage
associated with the construction of the underground facilities and so on. The volume of the block scale is a
part of the site-scale model of geological environment.

This report summarizes the site-scale (including the block-scale) investigations that have been conducted
considering the specific aims as defined in Section 2.2.1.

2.2.3 lterative approach

Various spatial and temporal as well as economic and socio-political constraints are likely to be
encountered when characterizing the geological environment at specific sites. To allow effective
investigations under these conditions, the relationship between the type and amount of information
obtained during the investigations, the level of understanding and the results of the investigations should be
evaluated at each stage. The results should then be reflected in the decisions made when proceeding to the
next stage and planning of specific investigation programs in subsequent stages. The approach used for this
is the iterative approach as shown in Fig. 2.2.3-1. The iterative approach consists of eight major steps:

(1) Developing and updating the concept of geological environment: Based on the information on
characteristics of geological environment obtained from investigations and analyses in the preceding
loop, structures and characteristics of geological environment relevant to geological disposal (e.g.
discontinuities and hydrological heterogeneities in the rock that could affect groundwater flow and
groundwater chemistry) are identified in order to conceptualize the geological environment in the area
of interest.

(2) Planning of the investigations: The details of the investigation plan are formulated and revised
appropriately based on the concept developed for the geological environment and the specific aims
(taking into account boundary conditions).

(3) Execution of the investigations: According to the investigation plan.

(4) Interpretation of results: Referring to the specific aims, results of the investigations are interpreted.
Then dataset for input to modeling/analyses is made taking into account the spatial distributions and
uncertainties of the data.

(5) Modeling and analyses: Based on the results of data interpretation (e.g. datasets), the conceptual
model developed in (1) is checked and revised, as necessary, and then geological, hydrogeological,
geochemical, rock mechanical and solute transport models are developed. Since the specific aims of
the investigations in question will differ depending on the investigation step, the objectives for
modeling/analyses are determined for each investigation step. Using the developed models of
geological environment, the groundwater flow, evolution of groundwater chemistry and stress
condition are simulated.

(6) Assessment of consequences: Discussion of the results of modeling/analyses, in particular,
examination of the consistency of the results among models utilizing different data. Through modeling
and analysis, it can also be evaluated whether sufficient information on characteristics of geological
environment has been obtained with respect to the specific aims of the investigations or in what detail
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the geological environment of interest has been understood or described.

(7) Evaluation of uncertainties: Quantifying the results of the analysis and translating these into
transparent information. In order to improve the adequacy and reliability of the results of
modeling/analyses in terms of the specific aims for the investigations, it is necessary to quantify the
uncertainties arising due to differing data quality, interpretations and modeling in order to demonstrate
how far the uncertainties have been reduced.

(8) Specification of main and open issues: Based on the results of (1) through (7) above, key factors for
achieving the specific aims are identified as issues to be addressed in the subsequent loop.

Based on the knowledge accumulated through a series of loops of iterative approach, applicability of
comprehensive techniques for investigation, analysis and assessment of the geological environment, which
is adopted on the MIU Project, are confirmed. Then, comprehensive techniques are optimized. The iterative
approach described here is idealized and ‘designed’ for the MIU Project; in a different site the basic
philosophy presented here should still be valid but the specific approach itself should be tailored to the
given site. It should remain flexible enough to be able to consider the progress of investigations and adjust
accordingly the steps in the iteration loop.

2.2.4 Strategy for the surface-based investigations

The investigations at the MIU Construction Site during Phase | followed the sequence of: preliminary
characterization of the geological environment on wider area using techniques providing 2D information;
identification of open issues requiring more detailed information; borehole investigations addressing the
investigation items. Investigations were scheduled so that interactions among drilling or testing of borehole
could be avoided (see Appendix 2). More specifically, investigations were categorized into five steps as
shown in Fig. 2.2.4-1. In each investigation step, investigations were carried out according to the
geosynthesis data flow diagram®™ and following the iterative approach”'?. The geosynthesis data flow
diagram illustrates, for the specific aims, the types and combinations of investigations to be carried out, the
types of data to be acquired, interpretation of data and synthesis of the information obtained in the different
disciplines. In each step, models of geological environment were developed integrating the latest
information and items to be addressed in the subsequent step were identified. Thus, by adopting the
sequence described above, the relationship between type and quantity of the investigations, and the level of
understanding regarding specific aims was made clear.

Specifically, based on compilation of acquired information (Step 0), the characteristics of geological
environment related to specific aims, such as 3D distribution of geological structures, groundwater flow
characteristics and groundwater geochemistry in the site scale area, were roughly understood. The acquired
information included information obtained from literature surveys and RHS, and investigations carried out
at the Shobasama Site before the Project on the MIU Construction Site started. The locations of lithological
boundaries and discontinuities were then estimated two dimensionally by detailed surface geological
mapping and reflection seismic surveys (Step 1), and borehole investigations were used to characterize all
lithofacies and discontinuities (Steps 2 and 3). Ideally, the borehole investigations should have been
conducted in series, i.e. investigations in existing borehole, new shallow borehole investigations and new
deep borehole investigations. However, because the time for commencing shaft excavation had already
been decided, investigations in existing borehole and new shallow borehole investigations (Step 2) were
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conducted in parallel, i.e. these two borehole investigations were combined to form one step. The locations
and geometry of discontinuities, their hydrological characteristics and their continuity in the area between
boreholes were determined by crosshole tomography and crosshole hydrological tests (Step 4).

Appendix 1 shows the locations of investigations conducted in Phase | and Appendix 2 contains the
schedule for the investigations. Appendix 3 contains a summary table of borehole investigations.

The results of investigations conducted according to the flow described above were summarized for each
investigation step using a geosynthesis flow diagram, which provides a logical sequence from investigation
to specific aims (see Appendix 4).

2.2.5 Initial and boundary conditions for the surface-based investigations
In this section, the initial and boundary conditions for the investigations in Phase | are described.

(1) Boundary conditions

- Boreholes, underground facilities, surface facilities and other related installations should be constructed
within the MIU Construction Site (an area of around 7.8 ha).

- In order to ensure an appropriate lead-time to allow results of the investigations to be reflected in the
disposal project and the safety regulations, the investigations in Phase | should be completed within a
period of three years from January 2002, when the land lease contract with the Mizunami City was
concluded, to March 2005.

- Investigations should be conducted in parallel with the excavation of underground facilities (including
land preparation at the MIU Construction Site and construction of surface facilities).

- Limited flat land is available at the MIU Construction Site, where rough terrain prevails. Land
preparation needed to be carried out, deep borehole drilling rigs installed and surface infrastructure
provided for the excavation of underground facilities. Since these construction activities were required
to be conducted in parallel, only a limited number of locations were available for investigations.

(2) Initial conditions

- The results of the RHS and investigations at the Shobasama Site carried out before the investigations at
the MIU Construction Site in Phase | could be used as existing information.

- Investigation technologies developed or confirmed as being applicable during the RHS and
investigations at the Shobasama Site before the investigations at the MIU Construction Site could be
used in the Phase | investigations.
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Data requirements

Size and geometry of host rock; heterogeneity within host rock

Important factors to be
characterized

Size and extent of surrounding formations

Spatial distribution and geometry of transport pathways (groundwater flowpaths)

Spatial variability of magnitude of hydraulic gradient

Spatial variability of hydraulic properties of rocks
~ Redox conditions
~ Spatial variability of groundwater pH values

= Spatial distribution of different groundwaters; degree of groundwater mineralization

Safety assessment

- Sorption capacity and diffusivity of rock matrix and of transport pathways

= Geometry of transport pathways; depth of diffusion-accessible rock matrix

- Effect of colloid/organics/microbes on nuclide transport/retardation

Spatial distribution of higher-permeability rocks, aquifers and surface waters

Spatial variability of water fluxes in higher-permeability rocks, aquifers and surface waters
Local stress regime

Spatial variability of petrophysical/geomechanical properties of rocks

Volume of inflow into underground tunnels

Size and structure of EDZ; petrophysical/geomechanical properties of EDZ

Distribution of discontinuities intersecting underground tunnels
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Thermal rock properties
Impact on water table
Impact on hydraulic pressure

Impact on groundwater chemistry

Environmental
assessment

Effects of noise and vibration

(EDZ : Excavation Disturbed Zone)
Fig. 2.2.1-1 Important factors to be characterized and data requirements, relevant to safety
assessment, designing/construction of underground facilities and environmental assessment
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Block scale
Dimension : Tens of meters to hundreds of meters square
Depth : Hundreds of meters to 1 km.

Underground
facil

Several km

About 10 km

Hundreds of. meters to several km square

.. ) AT

.

<

Several K square.

o EREE TR Groundwater flow Regiona| scale
v
) Tens of km square -
Fig. 2.2.2-1 Concept of scale'”
Table 2.2.2-1 Dimensions and objectives of each scale'?
Scale Dimensions / Area and depth Objectives
Hundreds of km?
Regional (Tens of km square) v Set modeling area and boundary conditions of local scale
Depth : About 10 km.
Tens of km? v' Evaluate the geological disposal system
Local (several km square) v Collect fundamental information for design of underground facility
Depth : Several km. v' Set modeling area and boundary conditions of site scale
Several kim? v Evaluate the far-field and near-field around the engineered barrier
Site (hundreds of meters to several km square ) Predict rock mechanwal and hydrogeological conditions during construction
Deoth - 2103 k of underground facility
epin - 210 3 Km. v" Set modeling area and boundary conditions of block scale
Hundreds of m? v Evaluate near-field around the engineered barrier
Block (tens of meters to hundreds of meters square) v Predict rock mechanical and hydrogeological conditions during construction
Depth : hundreds of meters to 1 km. of underground facility
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Fig. 2.2.2-3 Methodology for setting boundary conditions of groundwater flow simulation on Site
scale
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Concept
Development

Concept

Investigation issues prioritized? Revision

Specification of Planning of :
main issues Investigations Planning of
Hiaun 155UES Investigations
Uncertainties reduced? r r l
Evaluation of Execution of Execution of
Uncertainties Investigations Investigations

Interpretation of
Result;

/

\

: =
Assessment of Interpretation
Consequences of Results

Information adequate? \ /
Understanding to what depth?
Modeling and
Simulations

1st Loop

Modeling and
Simulations

2nd Loop

Fig. 2.2.3-1 lterative approach for the characterization of geological environment*?

Phase | Phase Il
< > ¢—
Existing Shallow Deep Underground
borehole  borehole borehole Crorssrhrole

facility
y

Cross-hole
tomography Construction
of

Compilation
of acquired
information

Reflection
seismic
survey

Cross-hole underground
hydraulic facility
test

Geological
Mapping

Sedimentary Basement Fault/
cover granite Joint zone

------- — Estimated / Determined

Fig. 2.2.4-1 Concept of Phase | investigations*?
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3. Geoscientific investigations: Stepwise approach

3.1 Overall strategy
In Phase | of the MIU Project, investigations with the specific aims as defined in Section 2.2.4 were
conducted in five sequential steps.???

In Sections 3.2 to 3.6, the results of the studies are compiled for each investigation step in terms of:

- Objectives of the investigations and analyses in each step

- Adescription of the investigations and an outline of the results/technical findings for each specific aim
in each step

- Adiscussion of results and recommendations for further investigations from each step

A practical roadmap for the investigations and analyses addressing the specific aims in each step was
prepared in the form of a geosynthesis data flow diagram based on experience obtained through the
investigations in Phase | (see Appendix 4). The “existing information” in the geosynthesis data flow
diagram indicates information obtained prior to the investigation step described.

The specific aims, for characterizing the important factors, vary according to the detail of the
investigations. The relationship between the important factors to be characterized and the investigation step
are shown in Table 3.1-1.

In Section 3.7, the conclusions of the stepwise investigation are described and the issues to be addressed in
Phase Il and 11l onwards are summarized.

The specific aims relating to the environmental impact assessment are summarized in Section 3.8. For the
Phase Il investigations, predictions of the deep geological environment and its changes near the shafts and

galleries are summarized in Section 3.9.

The technologies and techniques for the geoscientific investigations, which were developed through the
investigations in Phase I, are summarized in Chapter 4.
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Table3.1-1 Important factors to be characterized in each investigation step

Important factors to be characterized Data requirements Step0 | Step1 | Step2 | Step3 | Step 4
Size and geometry of host rock; heterogeneity within host rock X X X X X
Geological structure Size and extent of surrounding formations X X X X X
Spatial distribution and geometry of transport pathways (groundwater flowpaths) X X X X X
» Spatial variability of magnitude of hydraulic gradient X X X X X
Groundwater flow characteristics
= Spatial variability of hydraulic properties of rocks X X X X X
)
% Redox conditions X X X
Q
@ Geochemical characteristics of groundwater Spatial variability of groundwater pH values X X X
;§ Spatial distribution of different groundwaters; degree of groundwater mineralization X X X
@ Sorption capacity and diffusivity of rock matrix and of transport pathways X X
Transport/retardation of nuclides Geometry of transport pathways; depth of diffusion-accessible rock matrix X X
Effect of colloid/organics/microbes on nuclide transport/retardation X
o ' Spatial distribution of higher-permeability rocks, aquifers and surface waters X X X X X
Dilution of nuclides
Spatial variability of water fluxes in higher-permeability rocks, aquifers and surface waters X X X X X
- Local stress regime X X X
5
s 8 Spatial variability of petrophysical/geomechanical properties of rocks X X X
S = | Geomechanicalihydraulic properties of tunnel near- - -
= 8 N . Volume of inflow into underground tunnels X X X X
2 2| field environment
g § Size and structure of EDZ; petrophysical/geomechanical properties of EDZ X X
2 ;',’ Distribution of discontinuities intersecting underground tunnels X X X X X
s 3
% 5 . Spatial variability of geothermal gradient X X X
a Subsurface thermal conditions
Thermal rock properties X X X
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3.2 Step O investigations

For studies using existing information, information from the literature, geological maps, RHS,
geoscientific studies in the Tono mine and investigations at the Shobasama Site (as part of the MIU
Project) were collected and reviewed with the aim of obtaining an overview of the specific aims as
outlined in Table 3.1-1.

The main literature sources collected in this step are listed in Table 3.2-1.

RHS: Regional Hydrogeological Study

The aim of the RHS was to develop techniques for investigation, analysis and assessment of geological
environment, such as geological structures, groundwater flow and groundwater chemistry in rock
formations. The study extended from the surface to deep underground, over an area of several square
kilometers covering the recharge area and discharge areas for deep groundwater flow.

The results of the RHS conducted prior to the commencement of Phase | of the MIU Project are

summarized below????,

® On the regional-scale, groundwater flow analyses were conducted for several regions considering the
characteristics of the hinterland topography. Based on this, the local-scale model domain was
specified. 2%

® In the local-scale domain, investigations were conducted as described below (see also Appendix 1).

® \With the emphasis on acquiring data on the distribution of the geology and large-scale discontinuities
at the surface and geological structures in the near-surface zone, remote sensing techniques (e.g.
interpretation of aerial photographs), airborne geophysical surveys (e.g. electromagnetic, magnetic
and radiometric surveys), ground geophysical surveys (reflection seismics, refraction seismics and
high resolution electromagnetic surveys (Fig. 3.2-1)) and geological mapping were
conducted??2N 229303 |1y particular, the geological structures in the near-surface zone,
including the unconformity between the Mizunami Group and the Toki Granite, could be identified by
ground geophysical surveys such as reflection seismics covering a wider area (Fig. 3.2-2).

® Surface hydrological investigations and meteorological observations were conducted®?3¥3% and
surface hydrological data for estimation of recharge rate were obtained. Sampling of precipitation and
surface water were also conducted>”*®*% in order to obtain geochemical data of surface waters."”

® Borehole investigations were conducted using several boreholes®*?. The spatial distribution of
large-scale discontinuities such as faults, a rough classification of rocks based on structural features
(e.g. fracture zones), the distribution of hydraulic characteristics and groundwater chemistry were
evaluated (see also Appendix 3, 5)*274D424%) | ong-term hydraulic monitoring was commenced
following the completion of borehole investigations?®.

® A 3-D local-scale geological model (10km x 10km; Fig. 3.2-3), a 3-D local-scale hydrogeological
model (10km x 10km; Fig. 3.2-4) and a 2-D local scale hydrochemical model (10km; Fig. 3.2-5) were
developed based on results of the investigations*?%:464748)

® The distribution of the hydraulic gradient was estimated by groundwater flow analyses using the
hydrogeological model, and the domain and the boundary conditions for the site-scale groundwater
flow analyses were established (Fig. 3.2-6)*?*®). The adequacy of the results of the groundwater flow
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analyses was evaluated by comparing them with data from long-term hydraulic monitoring and
checking consistency with the hydrochemical model.

Data on the initial stress and petrophysical/geomechanical/thermal characteristics of the rock were
obtained and those were reflected in the concept and basic design of underground facilities™.

Geoscientific studies in the Tono mine

Major results from the geoscientific studies in the Tono mine are summarized below

51),52),53),54).

Technical knowledge and information on the geological environment, including the geological,
hydrogeological, geochemical, solute transport and rock mechanical characteristics, and excavation
damage, from the geoscientific study in Tertiary sedimentary rocks that host uranium ore bodies.

The uranium deposits made it possible to carry out natural analogue studies on geological processes
and the associated changes in the geological environment occurring over long timescales.

Studies of the mechanical stability of the rock allowed methods to be developed for evaluating
long-term behavior and for performing and modeling long-term rock creep tests.

Investigations of the geological environment around the tunnel allowed a method to be developed for
measuring the long-term evolution of the hydrogeological/geochemical conditions in the sedimentary
rock and for determining the mechanisms involved.

Shobasama Site investigations

Major results of the investigations at the Shobasama Site are summarized below:

Reflection seismic surveys were conducted at the Shobasama Site to estimate the near-surface
geological structure.

The spatial distribution of Tsukiyoshi Fault was confirmed, and a rock classification based on the
characteristics of the geological features and the distribution of hydraulic characteristics were
determined based on data from several boreholes (see Appendix 3, 6)°°%).

The low hydraulic conductivity of the Tsukiyoshi Fault was confirmed and the hydraulic connectivity
of fractured zones along the fault was confirmed by crosshole hydraulic tests using several
boreholes®®*7)%8).

A 3-D geological model (Fig. 3.2-7) and a 3-D hydrogeological model were developed based on data
from the investigations>?6%61)62)63)64)

Data on the initial stress and the petrophysical/geomechanical/thermal characteristics of the rock were
obtained as input for the basic design of the underground facilities®™ ", Using a rock mechanical
model developed based this information, numerical analyses were conducted to estimate the degree of
damage on the rock surrounding the research galleries associated with the excavation of the
galleries®®®".

In the Step 0, a geological conceptual model was developed (Fig. 3.2-8) based on available literature data
and by interpreting the above investigation results. Geological, hydrogeological, hydrochemical and rock
mechanical models were also developed for the site scale. Based on these models, analyses of groundwater
flow and stress/excavation were conducted to estimate the groundwater flow condition at site scale and
rock mechanical conditions around the underground facilities and to identify the key factors for the
investigations and analyses in the next and subsequent steps.
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The geosynthesis data flow diagram constructed based on the results of the investigations and analyses
during this step is shown in Appendix 4 and the details of the approach used to address the specific aims
are summarized in Sections 3.2.1 to 3.2.9. The key factors for investigations in the next and subsequent
steps identified based on the investigations in this step are summarized in Section 3.2.10. The basic
techniques for the disposal project and formulation of the safety regulations established through the
investigations in this step are also summarized in Section 3.2.10.

Table 3.2-1 Principal literature used for the study

Discipline

Type of information Literatures

Geology

Matsuzawa and Uemura, 1967%
ltoigawa, 19802

o , , Ishihara and Suzuki, 1969°
Stratigraphical and Lithological data ] .
Todo collaborative research group, 1982%

Power reactor and nuclear fuel development corporation, 1994°

Yamanoi etal, 1996°

Power Reactor and Nuclear Fuel Development Corporation, 1987”
Structural data Imanura and Kato, 1990%)
Yamanoi etal, 1994

Hydrogeology

Umedaetal 1997

Hydraulic data
" Ishibashi and Yamada, 1986

Hydrochemistry

Mikai and Hayakawa, 1970'?

Hydrochemical data
W Furue etal., 2003*¥

Rock mechanics

Kanagawa etal., 19864
Initial stress data Saito etal, 1988
Association for the Development of Earthquake Prediction, 1990

Sato etal 199217
Petrophysical data Sato etal 1999'®
Hoshino etal, 2001%%

Thermal data Geological Survey of Japan, 1991%%
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Fig. 3.2-1 Elevation of unconformity between Toki granite and Mizunami Group, determined by the
electoromagnetic survey
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Fig. 3.2-2 Geological interpretation based on the results of reflection seismic survey in the RHS?
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Legend

[ Seto Group
[ Mizunami Group

[ Toki Granite upper highly fractured domain
[C] Toki Granite lower sparsely fractured domain
_— Fault

Fig. 3.2-3 Geological model on the Local scale*”
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Fig. 3.2-4 Hydrogeological model on the Local scale*”
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Fig. 3.2-5 Groundwater type on the Local scale*”
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(a) Horizontal section at EL. -300 m, (b) Horizontal section at EL. -500m

(c) Vertical cross section through the boreholes
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Fig. 3.2-6 Results of groundwater flow simulation on the Local scale*”
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Fig. 3.2-7 Geological model at the Shobasama Site
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General description of the conceptual geological model
- Sedimentary rocks widely and unconformably cover the
basement granite.

Paleo-channel system U formi
\ nconformity

Sedimentary Weathered The eroded surface of the weathered zone of the granite
cover = basement is underlain by the unconformity between the
zone y y
Upper highly sedimentary cover and the basement granite. The
Basement fractured domain paleo-channel systems that has a significant elevational
Granite Lower sparsely change of the unconformity can be observed in the
[ fractured domain region with a thick sedimentary cover.
The basement granite is structurally divided into the
~ Large-scale fault upper highly fractured domain (UHFD) and the lower
sparsely fractured domain (LSFD) based on the fracture
;{g:;u{ﬁg |za$3§- frequency of low-angle fractures.

scale fault - Joints and faults of varying scale are formed in the
basement granite.

Some large-scale faults act as major conduits or
hydraulic barriers.

Fig. 3.2-8 Geological conceptual model®®

3.2.1 Geological structure

The studies conducted to determine the 3-D distribution of geological structure (size and geometry of host
rock and extent of surrounding formations and spatial distribution and geometry of transport pathways
(groundwater flowpaths)) on the site scale based on existing information included collecting data on the
distribution of the Toki Granite, the Mizunami Group (Oidawara Formation, Akeyo /Hongo Formation, the
Toki Lignite-bearing Formation), the Seto Group and discontinuities that are considered to influence
groundwater flow. This step involved developing a geological conceptual model by interpreting existing
literature data and the results of the studies conducted on the regional and local scales (Fig. 3.2-8). The 3-D
distribution of the geological structure on the site scale was estimated using the local-scale geological
model, resulting in an initial geological model on the site scale™®?"%7 n developing the site-scale
model, the consistency and adequacy of data and the characteristics of the geological structures at the MIU

Construction Site were examined by comparing and scrutinizing existing geological maps™>.

Results

The distribution of the Toki Granite, the Mizunami Group, the Seto Group and the Tsukiyoshi Fault were
considered to be the major geological structures in the site-scale area, based on the local-scale geological
model®. Consistency with existing geological maps” was confirmed’”. Scaling down from the local to the
site scale increased the level of detail that could be identified. The formations of the Mizunami Group and
the Seto Group and the upper highly fractured domain occurring in the upper part of the Toki Granite (rock
zone with a high density of fractures dipping at low angles (0-30 degrees) were identified and the first
site-scale geological model was developed (Fig. 3.2.1-1: geological map (left) and geological model
(right))*?. One of the reasons for the upper highly fractured domain could be the occurrence of a relatively
large stress release at the bottom of the valley covered by thick sedimentary rock, leading to the formation
of a horizontal extension joint associated with stress release’". The geological events in the area that

D272 and the removal of seawater

provide evidence of such stress release include erosion and denudation
load associated with regression during the deposition of the Mizunami Group and the Seto Group. The
unconformity between the undulating Toki Granite and the Mizunami Group (particularly the topography
distributed from the Tono mine to the MIU Construction Site — the so-called Tsukiyoshi Channel)® was

confirmed as a unique geological structure at the MIU Construction Site (Fig. 3.2.1-2).
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During the early stage of the investigation program, it was widely known that lineament surveys are a quite

efficient method for basic understanding of large-scale fault distributions in targeted basement rocks. ¢ 7> )

-79-70- 7 Erom an examination of previous regional studies (i.e. RHS), around 30 lineaments with

lengths of a few hundred meters to a few kilometers were identified in the site-scale area through

interpretation of satellite and aerial photographs’"

)

. With the use of empirical length criterion on
fault-related lineaments’™, one of the lineaments which is longer than 3 km was incorporated into the

local-scale geological model.*® It was also modeled as a possible fault in the site-scale model.

Conclusions and implications for the next investigation step

The relationship between the length and frequency of the lineaments®” (Fig. 3.2.1-3) showed fractal
characteristics (Fig. 3.2.1-4), as was found in previous studies’”, and indicated a distribution trend more or
less consistent with the discontinuities that were confirmed or predicted in the local-scale investigations

93D In addition, considering the accuracy of the

(e.g. geological mapping and borehole investigations)*
identified lineaments (20-60 m uncertainty perpendicular to the length of the lineament®"), the lineament
distribution on the site scale could be used for overall estimation of the distribution and locations of
discontinuities; it provided useful input for selecting the investigation layout in the next and subsequent

steps.

The results of petrological and mineralogical characterizations using core samples collected at the Tono
mine and around the MIU Construction Site indicated that the Toki Granite plots in the granite field in the

quartz-plagioclase-potassium feldspar diagramgo)

, its mineral and chemical composition does not change
significantly with depth®" and the Toki Lignite-bearing Formation in the Mizunami Group consists of
quartz, feldspar, biotite, clay minerals and calcite. Identification of the lithofacies was possible by visual

)

inspection of mineral composition®”. The fracture-filling minerals of the granite consist of more than 50%

quartz and feldspars, a few to several 10% of clay minerals (mica, smectite) and calcite and less than a

few % of biotite, chlorite and epidote, which are distributed heterogeneously’”.

Since the geological model in this step was developed by estimating geological structures on the site scale
using local-scale data, in the next and subsequent steps it was considered essential to confirm the
distribution of the Toki Granite, the Mizunami Group and the Seto Group on the site scale and to check the
existence of possible discontinuities that are not described in existing geological maps. The latter includes

also the verification of interpreted lineaments as actual discontinuous features.
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3.2.2 Groundwater flow characteristics

In the studies using existing information, the results of single-hole hydraulic tests were reviewed for each
geological unit included in the geological model (see Section 3.2.1) developed in this step and their
hydraulic conductivity was determined®®.

A 3-D hydrogeological model was constructed and groundwater flow analyses were conducted using this
model to determine the distribution of the hydraulic gradient on the site scale®®. The geological and
hydrogeological modeling and the groundwater flow analyses were utilized the GEOMASS system (see
Section 4.10).

Results

The hydrogeological model developed in this step and the hydraulic conductivity of each geological
unit/geological structure are shown in Fig. 3.2.2-1. When developing the hydrogeological model, it is
reasonable to classify formations according to the contrast in their hydraulic conductivity. The results of
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single-hole hydraulic tests were reviewed for each geological unit/geological structure included in the
geological model. The variability of the hydraulic conductivities in each geological unit is characterized by
a log-normal distribution. A hydraulic contrast of an order of magnitude was defined as the criterion to
include a geological unit/geological structure as a separate hydrogeological unit in the model. The
geometric mean values were taken as the representative values of the hydraulic conductivity of a
unit/structure. As the Mizunami Group consists of sedimentary rocks, from a hydrogeological point of view,
a classification based on stratigraphic and lithofacies data is more appropriate for the hydrogeological
model; for the Toki Granite which consists of fractured rock, a classification based on fracture density is
more appropriate.

To determine groundwater flow characteristics in a particular area of interest, the area should preferably
represent a closed groundwater flow system (e.g. watershed) with natural groundwater flow boundaries.
However, if the domain boundary was to be set like this also for groundwater flow in the deep underground
environment, the analysis domain for characterization of groundwater flow would need to be extended,
thus reducing the accuracy of the analysis results. In order to avoid such reduced accuracy when analyzing
the groundwater flow on the site scale’”, the analysis on the local scale was conducted by setting the
lateral boundary condition as a distribution of hydraulic head. The local-scale domain for groundwater
flow analysis includes the site-scale area as well as the recharge and discharge areas*”. Information on
recharge rate into the rock, which can be estimated from river flux, precipitation and evapotranspiration,
and groundwater levels can be used for setting the top boundary conditions for the groundwater flow
analyses.

In order to determine the distribution of the hydraulic gradient on the site scale, the 3-D distribution of the
hydraulic head was derived based on the results of the groundwater flow analysis at the site scale (Fig.
3.2.2-2). The principal direction of groundwater flow in the site-scale area is from north-east to south-west,
which is in line with the overall topography. This direction on the site scale was confirmed to be consistent
with the results of the groundwater flow analysis“‘” on the local scale, suggesting that the method of setting
the above lateral boundary condition was appropriate. Fig. 3.2.2-2 shows that the distribution of hydraulic
head is significantly different in zones of the Tsukiyoshi Fault, which is characterized as anisotropy of
hydraulic conductivity (see Section 3.2 —Shobasama Site investigations) also influencing the hydraulic
gradient. This indicates that discontinuities such as faults may have a significant impact on groundwater
flow characteristics and that determining the distribution and geometry of such discontinuities is essential
from a hydrogeological perspective. Furthermore, when the boundary conditions are established based on
an analysis of the groundwater flow in a wider area, an analysis should be conducted considering
discontinuities including faults that are distributed in the vicinity of the boundary itself.

Conclusion and implications for the next investigation step

For the next and subsequent steps, it was considered important to determine the distribution and geometry
of discontinuities such as faults by investigations in the site-scale area, which should be taken into account
in developing a geological/hydrogeological model and analyzing groundwater flow.
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3.2.3 Geochemical characteristics of groundwater

During the studies using existing information, the geochemistry of the groundwater in the site-scale area
was evaluated and a 3-D distribution of groundwater chemistry was produced based on the results of the
hydrochemical analyses and information on geology and groundwater flow®® on the local scale (including
the site scale). The findings were reflected in the planning of borehole investigations and the studies in the
research galleries.
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Results

For the local scale area, data on groundwater chemistry, groundwater pH value and redox conditions had
been obtained mainly from borehole investigations carried out as part of the RHS. Using these data, the
spatial distribution of the geochemical characteristics of the groundwater between the boreholes and in the
site-scale area were estimated using the kriging method®” with the SURFER software developed by Gold
Software Co.. Based on the available data and the kriging interpolation, the groundwater in the granite in
the south part of the site-scale area was found to be Na-Cl type, the concentration of chloride ions
increases with depth“g), the pH value of the groundwater is mildly alkaline and the redox conditions were
estimated to be weakly to strongly reducing (Fig. 3.2.3-1). Mass balance analysis and multivariate
analysis*® indicated that the geochemistry of the groundwater in the site-scale area could be explained by
the mixing of four groundwaters with different chemistries (meteoric water, Na-(Ca)-HCO; type
groundwater, diluted Na-(Ca)-Cl type groundwater and concentrated Na-(Ca)-Cl type of groundwater).
One of the main processes determining groundwater chemistry was thus identified as being the mixing of
the groundwaters with different chemistries.

Na-Ca-Cl type groundwater with a salinity of several thousand mg I has been pumped from a depth of
around 1,300 m at a hot spring (Takasago hot spring in Mizunami City) located 3 km south-east of the
site-scale area™®. The data from this hot spring were not included in Fig. 3.2.3-1 because their quality is not
clear. In this figure, data on groundwater chemistry in borehole DH-2 (located at the vicinity of boundary
of the MIU Construction Site) collected down to a depth of 500 m were used and the distribution of
groundwater chemistry in the zone deeper than 500 m was therefore uncertain. Thus, Na-Ca-Cl type
groundwater with salinities higher than the estimated level (a few thousand mg 1) shown in Fig. 3.2.3-1
may be present deep underground in the site-scale area. Investigation of the distribution of Na-Ca-Cl type
groundwater was identified as an important issue to be addressed in Step 1 and subsequent steps. The
distribution of groundwater chemistry (Fig. 3.2.3-1) and their relationship/consistency with the distribution
of hydraulic heads (Fig. 3.2.3-2) by comparing the distributions and confirming their consistency was an
additional objective for the subsequent investigations.

Conclusions and implications for the next investigation step

For the areas where high-salinity groundwater is present and a depth dependence of the concentration is
seen, the evolution process of groundwater chemistry (e.g. mixing of groundwaters with different salinity)
could be ascertained from 2-D distributions of the groundwater chemistry calculated with the kriging
method, mass balance analysis and multivariate analysis.
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3.2.4 Transport/retardation of nuclides

For the studies using existing information, relevant reference data to be used were compiled from previous
investigations in the Tono area, which are RHS, geoscientific studies in the Tono mine and investigations at
the Shobasama Site, and also from those on granite (Kurihashi Granodiorite) in the Kamaishi mine®).
This was done with the aim of understanding the sorption/diffusion characteristics of the rock, solute
transport field in the rock (pore structures and porosities that affect solute transport) and the effect of
colloids, organics and microbes on solute transport. Retardation of solute transport was evaluated based on
information on sorption/diffusion coefficients, the pore structures and the geometry of water conducting
fractures and element profiles in the vicinity of the fractures and the types and geochemical characteristics
of colloids/organic matter and microbes in the groundwater, as well as petrological and mineralogical
characteristics and petrophysical characteristics of rocks and geochemical characteristics of the
groundwater obtained by local-scale investigations.

Results

With regard to the characteristics of solute transport in the Mizunami Group, it is understood from various
investigations that the natural uranium in the Tono deposit was absorbed and mineralized and retained in
the sedimentary rocks for a long period of time®”; limited data are available, however, on solute transport
characteristics in the Toki Granite. An example is the co-precipitation of natural uranium due to the
sedimentation/concentration of iron oxide near water conducting fractured granite??. In the Toki Granite, it
is assumed that a network of pore structures (such as mineral grain boundaries and small fractures) that
could allow diffusion of materials is present and that a network of open channels contributing to solute
transport is formed®”. In the matrix near water conducting fractures in the Toki Granite, matrix diffusion
has occurred and represents the main retardation mechanism of natural uranium-series nuclides. The
process of solute transport in the Toki Granite is the same as that in the Kurihashi Granodiorite’?®® . Based
on these findings and given the similarity in mineralogical and chemical composition, the groundwater
chemistry (Na-HCOj type), rock texture and distribution of pore structures??, sorption capacity and matrix
diffusion in the Toki Granite may be assumed to be similar to those of the Kurihashi Granodiorite.
Although data on sorption characteristics in Na-Cl type groundwater have not been obtained for both the
Mizunami Group and Toki Granite at the MIU Construction Site, it would be possible to estimate sorption
using data on similar rocks contained in the JNC-SDB sorption database®®®.

Conclusions and implications for the next investigation step

Data was obtained on the types and volumes of colloids/organic matter and microbes in groundwater
but not on their interaction with materials. Also, since no data was available for the environment of
groundwater chemistry (e.g. redox conditions and presence of Na-Cl type water) in the rocks of interest,
the effects of the conditions of groundwater chemistry on solute transport could not be evaluated.
Therefore, any data on the retardation of solute transport obtained in Step 0 was considered to contain a
large uncertainty and the characteristics would need to be evaluated in detail through borehole
investigations in the next and subsequent steps.

87),90)

3.2.5 Dilution of nuclides
Concentration of solutes in the groundwater is diluted due to changes in groundwater flux along
groundwater flow paths from low permeable rock zones to high permeable zones or high permeable
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structures™. Therefore, in this investigation, thick aquifers with high hydraulic conductivities that extend
over a large area and are associated with highly fractured zones were considered to be important for
diluting solutes. The geological structures in the Tono area that could be expected to contribute to such
dilution effects are the sedimentary rocks covering the Toki Granite and highly fractured zones along
large-scale faults. These structures are considered to function as aquifers containing large volumes of
groundwater. To evaluate dilution effects, the groundwater flux needs to be determined, as well as the
geological structure (more specifically the cross-sectional area) and the distribution of volume of the
groundwater flow. However, the cross-sectional area of an aquifer may not be easily understood due to its
spatial heterogeneity. The dilution effect was therefore estimated by comparing the distribution of the
Darcy velocity in the hydrogeological units assumed to form the aquifer that extend over a large area.

Results

In the hydrogeological model in this step (see Section 3.2.2), The Seto Group and the formations making
up the Mizunami Group, the upper highly fractured domain and lower sparsely fractured domain of the
Toki Granite and of the presence of discontinuities and the Tsukiyoshi Fault estimated from lineaments
along the Hiyoshi River were modeled. The frequency distributions of the Darcy velocity were calculated
for the formations constituting the Mizunami Group, the upper highly fractured domain, the lower sparsely
fractured domain and the highly fractured zones along the Tsukiyoshi Fault, based on the results of the
groundwater flow analyses discussed in Section 3.2.2 (Fig. 3.2.5-1). Compared to the Darcy velocity in the
lower sparsely fractured zone in the Toki Granite, where the hydraulic conductivity is relatively low, the
Darcy velocities were relatively high in the highly fractured zones along the Tsukiyoshi Fault, the upper
highly fractured domain and the Toki Lignite-bearing Formation. It was thus suggested that these
hydrogeological units are important when considering dilution effects.

Conclusions and implications for the next investigation step

In the next and subsequent steps, it was considered important to determine the 3-D distribution of the
hydrogeological characteristics of the Toki Lignite-bearing Formation and the upper highly fractured
domain. These are the hydrogeological units expected to be widely distributed in the site-scale area and are
expected to function as the diluting formations, based on the distribution of the Darcy velocity calculated
in this step.
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3.2.6 Local stress regime, spatial variability of petrophysical/geomechanical properties of
rocks, and size and structure of EDZ

The goals of the studies using existing information are to collect information on the
petrophysical/geomechanical characteristics of rock and initial stress states of the Toki Granite at the MIU
Construction Site in order to develop a rock mechanical model and to estimate the distribution and
evolution of the excavation disturbed zone (EDZ). The latter is defined herein as consisting of three zones:
the excavation damaged zone, the unsaturated zone and the stress redistribution zone.

As a first step, the initial stress states and petrophysical/geomechanical characteristics of rock were
determined and a rock mechanical model developed using data from the borehole investigations conducted
at the Shobasama Site. The effects of tunnel excavation on the rock surrounding the tunnels were analyzed
using a method that takes into account rock discontinuities.

Results

As an example of the results of the investigations conducted at the Shobasama Site®®®®%7), the results of
hydraulic fracturing tests using boreholes are shown in Fig. 3.2.6-1. A rock mechanical model for the
Shobasama Site (Fig. 3.2.6-2) was produced based on the results of the investigations presented above,
laboratory tests on petrophysical/geomechanical characteristics of rock and the geological model
developed in this step (Fig. 3.2.7-1). In this model, the domain was divided into four rock units with
different petrophysical/geomechanical characteristics of rock, fracture densities and initial stress states
(relationship between the different principal stresses and the orientation of the maximum principal stress)
as shown in Fig. 3.2.6-2. Since the initial stress states vary depending on depth and geological structure,
the evaluation of the initial stress requires a) measurement of the initial stress at different depths taking into
account the geological model and the rock mechanical characteristics and b) determination of the 3-D
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initial local stress regime based on point data, including data on initial stress, geological structure and
petrophysical characteristics®?"

In this step, numerical analyses to predict the impact of excavating the underground facilities on the rock
surrounding the tunnels were conducted using the rock mechanical model for the Shobasama Site. The
numerical models used in the analyses that take rock discontinuities into account include the
micro-mechanics-based continuum (MBC) model®®%, the boundary element method for rock fractures
(BEMF)®, the crack-tensor model(CTM)® and the virtual crack model®”. Of the different zones in the
EDZ caused by tunnel excavation, these methods result in a representation of only the stress redistribution
zone induced by the release of stress on the rock surrounding the tunnels. They do not include the basic
constitutive equation that represents the occurrence of the excavation damaged zone due to blasting or
machine excavation, meaning that such phenomena cannot be expressed in the analyses. In practice, an
excavation damaged zone would be generated around the tunnel walls and modeling this zone
appropriately is important in predicting the characteristics of the EDZ.

Of the analysis methods described above, the MBC method based on the equivalent continuum model and
analyses based on the crack-tensor model and the virtual crack model were therefore selected to evaluate
the effect of the width of the excavation damaged zone on the results of analysis of excavation damage.
The width of the excavation damaged zone was used as input to the analyses. According to the studies at
the Kamaishi mine and the Tono minegg), the widths of the excavation damaged zone were 30 cm for
machine excavation and 80 cm for blasting. Therefore, assuming the width of the excavation damaged
zone to be 30 cm and 80 cm, the analyses were conducted using the rigidity of the intact rock, the
occurrence of fractures (occurrence of new fractures or propagation of existing fractures) and the
distribution of fractures (length, density and direction) as input parameters °°.

Conclusions and implications for the next investigation step

The results of the analysis indicated that the displacement of the walls could increase by a factor of two
when considering the excavation damaged zone, comparing to the case without consideration of the
excavation damaged zone (Fig. 3.2.6-3); the hydraulic conductivity in the excavation damaged zone could
be increased by a factor of three compared to that before excavation and the degree of the impact may
largely depend on the geometry of newly generated fractures in the excavation damaged zone (Fig. 3.2.6-4).
In this step, the width of the excavation damaged zone was used as an input parameter for the analyses; in
the excavation impact tests to be conducted in Phase 111, direct evaluation of the excavation damaged zone

was considered to be an important issue.
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3.2.7 Volume of inflow into underground tunnels

In order to determine the drainage method for the underground facilities, the inflow rate into underground
facilities was calculated using a theoretical formula assuming an isotropic homogeneous medium, since
hydrogeological structures such as high permeable and low permeable features in/around the MIU
Construction Site that may influence the inflow volume have not yet been understood. In this step, data on
hydrogeological characteristics of the granite were determined based on the information presented in
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Section 3.2 for the estimation using the theoretical formula.

Results

The distribution of the hydrogeological characteristics of the granite was evaluated using the data
examined in this step (Fig. 3.2.7-1). The geometric mean of the hydraulic conductivity (10®m s™) was
used for calculating the inflow volume of groundwater. The calculations were made for the shafts and
galleries (horizontal tunnels) using theoretical formulae assuming isotropic homogeneous media. The
number and lengths of the shafts and galleries were based on the facility layout shown in Fig. 1.2.1-2. The
inflow volume of groundwater into the underground facilities was estimated to be about 3,000 m* per
day'®. This estimate was reflected in the design of the drainage system for the research galleries (see
Section 5.1.4).

Conclusions and implications for the next investigation step
For the next step, a hydrogeological model considering water conducting features and low permeable
features should be developed to predict a more realistic inflow rate.
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Fig. 3.2.7-1 Distribution of hydraulic conductivity of granitic rocks in Japan

3.2.8 Distribution of discontinuities intersecting underground tunnels

With the aim of acquiring information on discontinuities such as faults and fractured zones that would
affect the petrophysical/geomechanical characteristics of rock surrounding the underground facilities, the
distribution of such features intersecting underground tunnels was estimated based on the geological model
developed in Section 3.2.1.

Results
The results indicated that the Tsukiyoshi Fault, the major discontinuity in the site-scale area, would not be
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intersecting the underground facilities; the fault was estimated to be approximately 480 m below the
deepest part of the underground facilities (Fig. 3.2.8-1).

Conclusions and implications for the next investigation step

When estimating the distribution of discontinuities, modeling the spatial distribution of the Tsukiyoshi
Fault described in existing geological maps is relatively straightforward, since a large amount of data,
including investigations in the local-scale area, are available on the fault. For discontinuities that are not
described in existing geological maps, rough estimates of their frequency and locations may be possible
from lineaments, but the associated uncertainties should be taken into account to ensure appropriate
modeling (see Section 3.2.1).

For the next and subsequent steps, it was considered important to check for the occurrence of
discontinuities that are not described in the existing geological maps.
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Fig. 3.2.8-1 Predicted geological structure around the MIU facility (Step0)
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3.2.9 Subsurface thermal conditions

The goal was to characterize the geothermal conditions in the Toki Granite at the MIU Construction Site by
using existing information. The distribution of the geothermal gradient and the thermal characteristics of
the rock were compiled as shown in Table 3.1-1.

In this step, the characteristics of the underground thermal environment were determined by referring to
existing information from temperature logging that was conducted as a part of the borehole investigations
and tests on thermal characteristics using core samples (thermal conductivity, specific heat and the linear
expansion coefficient) for the Shobasama Site and its surrounding area (local-scale area).

Results

The average geothermal gradient down to a depth of 1,000 m at the Shobasama Site and in the local-scale
area is 2 °C/100 m (Fig. 3.2.9-1), which is slightly lower than the nationwide average (3 °C/100 m), except
for volcanic zones®. Published data''® and thermal characteristics obtained from laboratory tests*®
using cores from boreholes DH-6, 7, 8 and the Shobasama Site are shown in Fig. 3.2.9-2. The peak values
for the thermal conductivity and the linear expansion coefficient of the Toki Granite are different from the
literature data, but the range of distribution is within that of the published data®®. The data on specific heat
showed a wider distribution than the literature data. With these findings for the underground thermal
environment, including the geothermal gradient and thermal characteristics in the range for the local-scale
area, as long as there is no local heat source such as a volcanic zone, the geothermal gradient can be
determined by temperature logging in a single borehole and the thermal characteristics can be obtained by
tests using several core samples.
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Fig. 3.2.9-1 Result of temperature logging
(Boreholes in the Shobasama Site, and DH-6, 7 and 8 boreholes)

_50_



JAEA-Research 2010-067

100 _ 50 S 100 : : :
: 0O Shobasama site ! O Shobasama site | 0O Shobasama site
80 --r- ODH-6~8 H 40 F--+-| ODH-6~8 11 80 F--—1 O DH-6~8
> ! Literature study > | L = Literature study
60 F--F-—-F— bbb 230 | | 8 60
(] | | | | | | [] | | [}
= | | | | | | 2 | | 2
e 40 b - - - - - 4L _L__L 920 | | 9 40
& o - |k
20 # L 10 S
| | | |
0 L o 0 0
0 1 2 3 4 5 6 0.6 0.7 08 09 10 11 1.2 0.0 1.0 2.0 3.0
Thermal conductivity [Wm™K™] Specific heat [kJkg K] Linear expansion coefficient [10°K™]

Fig. 3.2.9-2 Result of thermal property test
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3.2.10 Discussion of result and recommendation for further investigations

For the studies using existing information with the goal of achieving an preliminary understanding of
specific aims as shown in Table 3.1-1, information from the literature and geological maps, a RHS and
geoscientific studies in the Tono mine and at the Shobasama Site were compiled and reviewed.

A geological conceptual model, a geological model, a hydrogeological model, a hydrochemical model and
a rock mechanical model of the site-scale area were developed based on the above data. Groundwater flow
analyses and stress/excavation analyses were conducted based on these models to estimate the groundwater
flow condition at site scale and rock mechanical conditions around the underground facilities.

Through these investigations, modeling and analyses, the key factors for investigation in subsequent steps

were identified as listed below:

® 3-D detailed distribution of geological structures on the site scale.

® 3-D distribution of discontinuities that are not described in existing geological maps.

® 3-D distribution and hydraulic characteristics of faults that may affect groundwater flow in the
site-scale area.

® Data on the geochemical characteristics of the groundwater on the site scale.

Data on the transport/retardation characteristics based on borehole investigations.

® 3-D distribution and hydraulic characteristics of the upper highly fractured domain and the Toki
Lignite-bearing Formation that are assumed to be distributed widely in the site-scale area and to
function as an aquifer.

® Inflow volume of groundwater into the underground facilities through groundwater flow analyses
using a hydrogeological model taking into consideration water conducting features and low permeable
features.

Geological structure

Information on formations in the sedimentary overburden and the lithofacies of the granite can be collected
by examining existing information. Since fractal characteristics were observed in the relationship between
the length and frequency of lineaments and the distribution of the lineaments was, in general, consistent
with the discontinuities confirmed or estimated by investigations on the local scale (see Section 3.2.1), the
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interpretation of lineaments would be useful for acquiring information on the distribution of the
discontinuities that are not described in existing geological maps. The lineaments would also be very
useful for determining the investigation for the next and subsequent steps. In order to incorporate the
lineaments appropriately in models, modeling techniques for discontinuities considering probabilistic
aspects (e.g. fractal characteristics of fractures identified from lineaments and outcrops) would need to be
developed and evaluated.

Groundwater flow characteristics

In order to conduct groundwater flow analyses, a site-scale hydrogeological model needs to be developed
using existing information. Such a model should incorporate data on the hydrogeological characteristics of
each of the geological units that were classified in detail from geological information such as stratigraphy
and lithofacies.

Data on the recharge rate into the rock that can be estimated from river flux, precipitation and
evapotranspiration, and data on groundwater levels need to be collected as these can be used as boundary
conditions for groundwater flow analyses.

Groundwater flow analyses for a wider area encompassing the site-scale area allow lateral boundary
conditions to be set for the site-scale analyses or evaluation of the reliability of the groundwater flow
analyses. For these analyses, the consistency of the hydrogeological models for both spatial scales needs to
be ensured. This includes representation of discontinuities such as faults that are expected to affect the
characteristics of groundwater flow on both spatial scales.

Geochemical characteristics of groundwater

Groundwater chemistry and its distribution that should be investigated using borehole investigations and
the evolution process of groundwater chemistry that should be considered can be identified from literature
data for the surrounding area. The conceptual model that is a prerequisite to performing in situ
investigations could be developed and the modeling options presented. However, data obtained in this step
are fairly uncertain because there is insufficient information regarding the raw data, such as sampling
depths methods and hence, quality of the data of our purposes. For the interpretation of the results of the
hydrochemical analyses in this step, the evaluation of uncertainties due to the insufficient data quality will
be important.

Transport/retardation of nuclides

It is expected that there will be insufficient data available on solute transport/retardation characteristics on
the rock formations of interest. The retardation effects can be roughly estimated using databases containing
relevant information and/or studies of similar geological environments. However, since retardation
characteristics are strongly controlled by the specific conditions in the geological environment, for a
detailed evaluation of retardation the above-mentioned databases need to be expanded.

Dilution of nuclides
To understand the dilution effect of aquifers, the groundwater flow velocity of aquifers that could dilute
solutes should be estimated. In addition to acquiring basic data for evaluating the dilution effect,
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groundwater flow analyses should be carried out using a hydrogeological model that classifies the aquifers
that may cause heterogeneous velocity distribution from a hydrogeological viewpoint in as much detail as
possible, depending on the model scale.

Local stress regime, spatial variability of petrophysical/geomechanical properties of rocks
and size and structure of EDZ

Information on the local stress regime and the petrophysical/geomechanical characteristics of rock will
form the basis for the design of the underground facilities. It will also be important for establishing input
conditions for the numerical analysis to predict the impact of the excavation on the rock around the tunnels
to determine the extent and petrophysical/geomechanical characteristics of the EDZ.

For areas where relevant investigation data have been obtained, initial stresses and the spatial distribution
of petrophysical/geomechanical characteristics should be determined. Existing information can be used to
perform the numerical analysis regarding EDZ.

Volume of inflow into underground tunnels

Applying theoretical formulae developed in the field of civil engineering is suitable for roughly estimating
the inflow volume of groundwater based on the limited information available at the time of construction of
the actual underground facility when hydrogeological structures are not clear. However, in the case where
the hydrogeological structure is found to be heterogeneous due to the presence of discontinuities,
development of a hydrogeological model and groundwater flow analyses taking into consideration the
estimated distribution of hydrogeological features such as faults would be necessary for more reliable
estimation of the inflow volume of groundwater.

Distribution of discontinuities intersecting underground tunnels

In this step, it will be difficult to directly identify discontinuities other than those described in existing
geological maps. However, lineaments can be used for the estimation of such features. The information on
lineaments allows a rough estimation of the distribution frequency and locations of discontinuities and can
also be used as input for establishing the investigation plans for the next and subsequent steps.

Subsurface thermal conditions

The data on the thermal conditions in geological formations will form the basis for determining the
underground thermal environment and contribute to the design and construction of the underground
facilities. In areas where relevant investigation data are available, the geothermal environment can be
determined using such data.
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3.3 Step 1 investigations

Among the key factors identified in Step 0 (see Section 3.2.10), investigations based on ground exploration
were conducted giving priority to investigations that contribute to determining the 3-D distribution of
geological structures that could affect the characteristics of groundwater flow and groundwater chemistry.
The investigations in question are those that determine the outline of the 3-D distribution of geological
structures in the wide area, prior to borehole investigations to acquire more detailed data. More specifically,
surface geological mapping and reflection seismic surveys (see Section 4.2) were conducted with the aim
of acquiring data on the distribution, configuration and mineralogical/petrological characteristics in the
Toki Granite, the Mizunami Group, the Seto Group and discontinuities that could affect groundwater flow.
These investigations are important for selecting the locations for borehole investigations in the subsequent
steps. In this step, investigations with the specific aims shown in Table 3.1-1 were conducted, except for

those for which the required data could not be obtained.

Surface geological mapping was conducted for outcrops at and around the MIU Construction Site and the
former underground shelter located to the south-east of the MIU Construction Site to determine the

distribution of surface geology and faults (Fig. 3.3—1)1).

A reflection seismic survey was conducted to acquire data on the geological boundaries within the
Mizunami Group, the boundary between the Mizunami Group and the Toki Granite, the lithofacies of the
upper part of the Toki Granite and the configuration of faults in and around the MIU Construction Site that
were estimated based on the investigations in Step 0 (see Section 3.2), and the geological mapping®. The
survey lines were planned along minor roads in and around the MIU Construction Site to cover as much of
the area as possible, the aim being to accurately determine the 3-D distribution of discontinuities from the
surface to deep underground (Fig. 3.3-2). Efforts were made to ensure that, as far as possible, the survey
lines would cross the strikes of the faults that had been confirmed/estimated by surface geological mapping
and interpretation of lineaments at right angles. The survey lines were extended outside the MIU
Construction Site to allow investigations to 200 m or deeper, where the upper extent of the Toki Granite is
assumed to occur; the survey lines within the MIU Construction Site allow investigations only near the
surface. The survey lines were also set to pass close to existing boreholes in order to allow a direct
comparison to be made of the profile obtained by the reflection seismic survey and the distribution of

geological structures determined in the boreholes.

Based on the results of the investigations, the geological model constructed in Step 0 was updated by
adding discontinuities other than the Tsukiyoshi Fault and the hydrogeological model was updated
accordingly. Sensitivity analyses for groundwater flow were conducted focusing on the uncertainty
regarding the hydrogeological characteristics of the faults in the updated hydrogeological model. Based on
these results, faults with a NNW strike that were assumed to have a large influence on the characteristics of
groundwater flow and the geological and hydrogeological characteristics of faults that would be expected
to emerge at the underground facilities were identified as key factors for investigation in the subsequent

steps.

The geosynthesis flow diagram that was constructed based on the experience obtained through the studies

in this step is shown in Appendix 4 and the detailed approach for the specific aims is summarized in
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Sections 3.3.1 - 3.3.4. The key factors for investigation in subsequent steps and recommendation for
further investigations in the disposal project that were identified in this step are summarized in Section
3.3.5.

& Boundary of i
the MIU construction site
v Location of fault outcrops
(Surface)
Location of fault outcrops
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Inferred fault distribution {1/ | ===

Topegraphic map:1:2,500 (published by Mizunami Clty]

Fig. 3.3-1 Location of fault outcrops identified from the geological surveys)
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Topographuc map 1125 000 "Toki & Mizunami” (published by Geographical Survey
Institute of Japan)

Fig. 3.3-2 Reflection seismic survey lines around the MIU Construction Site®

3.3.1 Geological structure

Surface geological mapping and reflection seismic surveys were conducted with the aim of acquiring data
on the distribution and configuration of discontinuities and the mineralogical and petrological
characteristics in the Toki Granite, the Mizunami Group and the Seto Group that could affect groundwater
flow. Also to determine the distribution of the Toki Granite, the Mizunami Group and the Seto Group on
the site scale identified in Step 0 and the existence of discontinuities that are not described in existing
geological maps”>?). Based on the acquired data, the geological model constructed in Step 0 (see
Section 3.2.1) was updated®. In this model, around 30 fault-related lineaments identified based on existing
information (see Section 3.2.1) with a subsurface distribution estimated based on the data obtained in this

step and data obtained for the local-scale area were also included in the model as discontinuities.”-”

Results

Surface geological mapping and reflection seismic surveys were conducted focusing on the geological
features unique to the area around the MIU Construction Site” (such as the unconformity between the Toki
Granite and the Mizunami Group). As a result, the distribution of the boundaries within the Mizunami
Group and the unconformity between the Toki Granite and the Mizunami Group could be determined.
Reflection events were found in the zone corresponding to the upper highly fractured domain in the Toki
Granite. A new finding was the identification of minor faults with a NS to SSE-NNW strike not shown on
existing geological maps (Fig. 3.3.1—1)2)’4)’5). For the faults identified in this step, their distribution and
configuration, and mineralogical and petrological characteristics were confirmed in outcrop3) through
geological mapping and the extent of the faults at depth was predicted to some extent by combining the
results with those from the reflection seismic surveys. In the reflection seismic surveys, displacements of

reflection events that could be interpreted as faults were identified at several locations in addition to those
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that had been correlated to the distribution of faults at outcrop”". This would imply the occurrence of

faults that do not reach the surface, that have small displacements or that were active a long time ago.

The geological model was updated based on the data obtained in this step (Fig. 3.3.1-2: geological map
(left), geological model (right))™®. In order to represent the distribution of discontinuities in the area where
investigations were not conducted in this step, the model was updated by excluding lineaments®” that are
unlikely to be actual faults, by comparing them with known faults in terms of their direction and
distribution. The lineaments included in the model were those derived from existing data (see Section
3.2.1) and the faults were those predicted by the reflection seismic surveys conducted in this step and
confirmed by borehole investigations on the local scale (see Appendix 1). The dip angles of the modeled
discontinuities in the underground were determined by comparing them with the dips and the strikes of the

faults confirmed by the borehole investigations on the local scale”.

Conclusions and implications for the next investigation step

Compared with the geological model constructed before Step 0, the updated model includes the
distribution of the Toki Granite, the Mizunami Group and the Seto Group and an additional 27
discontinuities. Of these, 5 faults that were not described in the existing maps were confirmed directly, as
shown in Fig. 3.3.1-2 (left)), which helps to improve the understanding of the distribution of the
discontinuities. The reflection seismic survey is a particularly effective method for predicting the
unconformity of the Mizunami Group and the Seto Group and the distribution of the upper highly fractured
domain in the Toki Granite; by combining it with the geological mapping, it was possible to identify or
predict discontinuities that are not shown on existing geological maps. In areas with highly undulating
geology, the horizontal continuity of faults would be difficult to estimate by comparison with the
characteristics of displacement obtained from reflection surveys. When surveying such areas with
expected high undulation, it is more effective to set the survey lines at close intervals or to conduct 3-D
surveys separately. In addition to this, 3-D tomographic analyses using data from reflection seismic
surveys and trench excavation survey would also be useful. Since sufficient data on the distribution of
faults was not available in this step, it was necessary to refer to the lineament interpretation results in

setting the lines for the reflection seismic surveys.

The minor faults confirmed in this step have a NS to NNW-SSE strike, which may influence the primary
direction of the groundwater flow (NE - SW direction: see Section 3.2.2). From the results of the
geological mapping, it was revealed that there is intercalation of fault gouge and fault breccia containing a
large amount of clay that could function as a flow barrier, implying a significant influence on groundwater

flow®"”.

The data in this step were obtained from limited surface outcrops found along the lines for the reflection
seismic surveys. In the future, the accuracy of the estimations of the geological structures made using
reflection seismic surveys is expected to be greatly improved by comparing them with the actual
distribution of the underground structures. It was considered that the issues in subsequent steps would be to
confirm the boundaries estimated or predicted in this step, to confirm the actual subsurface distribution of
discontinuities and to determine the distribution of deep geological structures that were difficult to identify

in this step.
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Fig. 3.3.1-2 Geological map and geological model revised with
the surface-based investigation phase data”

3.3.2 Groundwater flow characteristics

Data on the distribution and configuration of discontinuities were obtained from the geological mapping
and reflection seismic surveys (see Section 3.3.1) as part of the ground explorations. From the groundwater
flow analyses conducted in Step 0, faults, such as the Tsukiyoshi fault have a significant influence on the
characteristics of groundwater flow. In this step, additional faults identified with the seismic surveys were
therefore included in the hydrogeological model (see Section 3.2.2) and the influence of the hydraulic
property of these faults on the characteristics of groundwater flow was examined by sensitivity analyses.

By including investigation data obtained in this step in the hydrogeological model and the groundwater
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flow analyses on the local scale, the boundary conditions for the site-scale area could be revised”. The
geological and hydrogeological modeling and the groundwater flow analyses were utilized the GEOMASS

system (see Section 4.10).

In the hydrogeological modeling, the faults with unknown hydraulic characteristics were grouped based on
their orientations and, as an initial simplifying assumption, were then assigned the same hydraulic
conductivity. Additionally, smaller faults in the vicinity of larger features with similar orientations were
also excluded from the hydrogeological model, as they would not be expected to have a significant net
hydraulic impact. This process for screening of faults assigning hydraulic conductivity to groups of faults

was also applied for the later investigation steps.

Since no additional data were obtained on the hydraulic characteristics of the geological structures in this
step, updating the hydrogeological model was based on dataset of hydraulic properties that was made on
the Step 0 and the geological model (see Section 3.3.1) that was updated based on data such as distribution
depth and the configuration of each formation and fault. For the hydrogeological model shown in Fig.
3.3.2-1, 13 new faults were added in this step, but the hydrogeological characteristics of these features had
not yet been obtained by field characterization. Since it is obvious from the results of investigations on the
Tsukiyoshi Fault at the Shobasama Site'
Section 3.2.2) that the hydraulic anisotropy of the Tsukiyoshi Fault has a significant influence on the

and the groundwater flow analyses conducted in Step 0 (see

distribution of the hydraulic gradient, a sensitivity analysis on the existence of hydraulic anisotropy was
performed as part of the groundwater flow analysis and the influence of hydraulic conductivity on the

distribution of the hydraulic gradient in each fault group was evaluated'?.

Results

To evaluate the influence of the hydraulic anisotropy in each fault on the distribution of the hydraulic
gradient in the site-scale area, the 3-D distribution of the hydraulic head was calculated. Sensitivity case is
shown in Section 3.7.2. An example of the results of the sensitivity analysis is shown in Fig. 3.3.2-2. The
influence of hydraulic anisotropy in each fault trend on the distribution of hydraulic gradient was
determined through comparison with the distribution of the hydraulic head obtained from sensitivity
analyses focusing on the existence of the hydraulic anisotropy in each fault trend; i.e. differences in
hydraulic head on either side of a fault was caused by a low conductivity perpendicular to the fault plane;
the hydraulic gradient in the area surrounded by such faults is small. Groundwater flow analyses focusing
on the hydraulic uncertainty of hydrogeological units of faults may be an effective method for evaluating
the influence of fault hydraulic conductivity on the hydraulic gradient, for identifying those faults affecting
significantly the distribution of the hydraulic gradient in the analysis domain and for prioritizing faults to

be hydraulically characterized (hydraulic conductivity and anisotropy).

The result of groundwater flow analysis implies that faults with a longer trace length probably form a
hydraulic boundary that would result in a large difference in hydraulic head between the upper and down
streams of the fault. When constructing the hydrogeological model, it is important to identify the faults to
be modeled by a screening process based on the location and trace length of the fault. It would be efficient
to establish the threshold for this screening after acquiring data on the size of the faults that have a

significant influence on groundwater flow, in a similar way to the sensitivity analysis. Since faults may
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exist in areas where data has not yet been obtained, in addition to deterministic models, probabilistic
models should also be used to evaluate the influence of the uncertainty of the density distribution of faults

and their hydrogeological characteristics on the groundwater flow condition.

Conclusions and implications for the next investigation step

In the next and subsequent steps, it was considered important to determine the geological and
hydrogeological characteristics of NNW and NE trending faults that were predicted to have a significant
influence on groundwater flow around the MIU Construction Site, based on the groundwater flow analyses
conducted in this step.
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4 -1000
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: Geological features and geological structure element Log [k (ms™]
7.0 3 = -1500 ] Seto group 5.0
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Highly fractured zone along the Tsukiyoshi fault -6.4
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Fig. 3.3.2-1 Hydrogeological model (3-D distribution of hydraulic conductivity)
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Fig.3.3.2-2 Example of a sensitivity analysis focused on hydraulic anisotropy of faults
(Elevation -300 m : Depth of the shaft 500 m)

3.3.3 Dilution of nuclides
The distribution of the Darcy velocity was calculated based on the results of the groundwater flow analysis

discussed in Section 3.3.2 in order to determine the dilution effect in each hydrogeological unit.

Results

The frequency distribution of the Darcy velocity (Fig. 3.3.3-1) was calculated for the Mizunami Group, the
upper highly fractured domain and the lower sparsely fractured domain of the Toki Granite that have a
relatively large spatial distribution in the hydrogeological models, as well as for the highly fractured zone
along the Tsukiyoshi Fault (see Section 3.3.2). Although several additional faults were included in the
hydrogeological model (see Section 3.3.2) in this step, the trend of the distribution of the calculated Darcy
velocity in each hydrogeological unit was similar to that in Step 0. Compared to the Darcy velocity
distribution of the lower sparsely fractured domain of the Toki Granite, where hydraulic conductivity is
relatively low, the resulting Darcy velocities were relatively high in the highly fractured zone along the
Tsukiyoshi Fault, the upper highly fractured domain and the Toki Lignite-bearing Formation. The reason
for this is that the hydrogeological model (see Section 3.3.2) was updated using the hydrogeological data
from Step 0 without additional data being obtained on the hydraulic characteristics of geological structures
in this step; the distribution area of discontinuities newly identified was narrow and the distribution of
other geological structures predicted to be aquifers was dominant. This highlights the importance of
acquiring accurate data on the hydraulic characteristics of the geological structures distributed widely in

the aquifer in determining the dilution effect of aquifers.
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Conclusions and implications for the next investigation step

For the next and subsequent steps, it was considered important to calculate a more reliable distribution of
the Darcy velocity than in this step by conducting borehole investigations for each formation of the
Mizunami Group and the upper highly fractured domain and acquiring data on the 3-D distribution and

hydraulic characteristics of these formations and zones and incorporating the data into the hydrogeological

model.
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0.45 Akeyo/Hongo Formation B
—a— Toki lignite bearing Formation
0.40 —a— Highly fractured zone along the Tsukiyoshi fault =
—e— Upper highly fractured domain
0.35 —— Lower sparsely fractured domain =
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o
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Darcy velocity ( Log [V (m s 1)

Fig. 3.3.3-1 Darcy velocity distribution (The vertical axis shows the ratio (cumulative frequency is
1 in each geological formation and domain))

3.3.4 Distribution of discontinuities intersecting underground tunnels

As part of ground explorations aimed at acquiring data on the occurrence of discontinuities such as faults
and fractured zones® that could influence the petrophysical/geomechanical characteristics of rock at the
locations of the underground facilities, predictions were made of locations where such discontinuities

could emerge at the planned excavation locations based on the geological model described in Section 3.3.1.

Results
The analysis predicted that seven discontinuities would emerge at the planned excavation locations for the
underground facilities, including IF_SBO 002 and IF_SBO 005 both with a NNW strike (Fig. 3.3.4-1) that

were confirmed during this step.

In this step, minor faults that are not shown on existing geological maps were included in the model and

the accuracy of the fault distribution prediction was improved compared to Step 0.

Conclusions and implications for the next investigation step

The issues in subsequent steps would be to define the actual distributions of the discontinuities
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underground that were confirmed or predicted in this step and those in deeper zones that would be difficult

to identify, as described in Section 3.3.1.
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Fig. 3.3.4-1 Predicted geological structures around the MIU facility (Stepl)

3.3.5 Discussion of results and recommendations for further investigations

Ground explorations including surface geological mapping and reflection seismic surveys aimed at
determining, on wider area, the distributions, configurations and mineralogical/petrological characteristics
of the Toki Granite, the Mizunami Group, the Seto Group and discontinuities that would influence
groundwater flow. A further aims was to acquire data on the characteristics in order to address the specific
aims shown in Table 3.1.-1, namely geological structure, groundwater flow characteristics, dilution of

nuclides, and distribution of discontinuities intersecting underground tunnels.

Based on the data obtained in these investigations, the geological model constructed in Step 0 was updated
by incorporating discontinuities other than the Tsukiyoshi Fault and the hydrogeological model was
updated based on the geological model. Also, sensitivity analyses of groundwater flow were conducted
focusing on the uncertainties in the hydraulic characteristics of the faults in the updated hydrogeological

model.
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Through the investigations, modeling and analyses described above, key factors for investigation in

subsequent steps were identified as listed below:

®  Acquisition of data on the geological and hydraulic characteristics of the NNW and NE trending faults
and faults estimated to emerge at underground facilities that would have a significant influence on
groundwater flow in the site-scale area.

®  Acquisition of data on the 3-D distribution and hydraulic characteristics of the upper highly fractured
domain and on each formation of the Mizunami Group that are likely to function as an aquifer on the

site scale.

Geological structure

Surface geological mapping and reflection seismic surveys help to improve the understanding of the
distribution of unconformities between the sedimentary rocks and the granite and the accuracy of
estimations of the heterogeneity of the granite. They are also effective for identifying relatively minor
faults that are not shown on existing geological maps. The evaluation of discontinuities considering the
mineralogical/petrological characteristics and the direction of the groundwater flow would be effective in
identifying discontinuous features and in reducing the uncertainties associated with the geological model
and the hydrogeological model. Since it was difficult to confirm, from the reflection seismic surveys, the
continuity of faults in a horizontal direction by comparing the displacement characteristics of reflection
events between survey lines in the Toki Granite because of its undulating topography, it would be better to
set narrower survey line intervals or to conduct a separate 3-D survey for the area where such continuity is
expected. 3-D tomographic analyses using data from the reflection seismic surveys and trench excavation
survey are effective if combined with the latter. Since there is only a small volume of data available on the
distribution of faults in this step, it would be necessary to refer to the lineament interpretation in

establishing lines for the reflection seismic surveys.

Groundwater flow characteristics

If conducted in advance of the borehole investigations, sensitivity analyses of groundwater flow focusing
on the hydraulic characteristics of faults predicted to exist and identifying faults considered to have a
significant influence on the characteristics of groundwater flow would allow effective formulation of the

investigation program in terms of costs, duration and impact due to drilling disturbance.

Also, since faults may be present in areas where data have not been obtained from the investigations,
studies using a stochastic approach taking the distribution density of faults into account, as well as a
deterministic approach, could be used to evaluate the influence of the spatial uncertainty of faults on the

characteristics of groundwater flow, such as the distribution of hydraulic gradients.

Dilution of nuclides

Accurate determination of the dilution effect of additionally identified faults might be difficult due to lack
of data on the hydraulic characteristics, despite the fact that the existence of such faults can be estimated
from surface geological mapping and reflection seismic surveys. Nevertheless, it is advisable to clarify the
influence of such faults on dilution effects. Surface geological mapping and reflection seismic surveys are
very effective for determining the detailed distribution of geological structures that, as aquifers, are

expected to have a dilution function.
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Distribution of discontinuities intersecting underground tunnels

Surface geological mapping and reflection seismic surveys can significantly improve the accuracy of

estimations of the distribution of sedimentary rocks, granite and heterogeneities in the granite. They are

also effective for identifying relatively minor faults that are not shown on existing geological maps. For the

reflection seismic surveys, when undulating topography is expected for the granite basement, it is more

efficient to set narrower survey line intervals or to conduct a 3-D survey separately. In setting the lines for

the reflection seismic surveys, it is necessary to refer to the results of lineament interpretation, since data

on the distribution of faults are not sufficient in this step.
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3. 4 Step 2 investigations

Of the key factors identified in Steps 0 and 1 (see Sections 3.2.10 and 3.3.5), Step 2, involved conducting

investigations using existing and new shallow boreholes. Four shallow boreholes (MSB-1, MSB-2, MSB-3

and MSB-4) were drilled with the aim of determining the geological, hydrogeological and geochemical

characteristics of the geological environment in the surface to near-surface zone. The shallow borehole

investigations were conducted separately from the deep borehole investigations, because long-term

hydraulic monitoring in the sedimentary rock zone is generally difficult to perform using deep boreholes

due to the casing installed in the section from the surface to the near-surface zone for borehole stability.

The results of the investigations in the existing borehole (DH-2) drilled to a depth of 500 m, as part of the

RHS (see Sections 4.3 and 4.4), were also used. In this step, investigations with the specific aims shown in

Table 3.1-1 were conducted.

The four goals for the shallow borehole investigations were":

® To determine the geometry and hydraulic characteristics of NNW trending faults running through the
MIU Construction Site identified in Step 1 as important geological features affecting groundwater
flow.

® To understand the initial state of the groundwater flow-field in the sedimentary rock zone and the
weathered granite prior to the excavation of the underground facilities.

® To determine the geochemical characteristics of the groundwater in the sedimentary rock and
weathered granite.

® To commence long-term monitoring of groundwater to observe changes in groundwater pressure and

groundwater chemistry associated with the excavation of the underground facilities.

The number of shallow boreholes and their locations and layout were determined considering the overall
objectives outlined above, as well as budget and schedule constraints (Fig. 3.4-1). Specifically, boreholes
were located at the upper and down streams in the major direction of groundwater flow that had been
estimated from the investigations in Step 0 (see Section 3.2) and Step 1 (see Section 3.3). Also, considering
the estimated local groundwater flow along the Tsukiyoshi Channel and the depth of the redox boundary,
boreholes were located with the aim of characterizing the hydraulic characteristics and geochemistry of the
groundwater in the sedimentary rock and the upper part of the granite at the points where the thickness of
the sedimentary rock covering the granite along the Tsukiyoshi Channel significantly varied. Since the
NNW trending fault predicted in the investigations/analyses in Step 1 was assumed to dip at a high angle,
one of the boreholes was drilled by inclined drilling to intercept this fault. The borehole depths were
selected to be between 99 and 201 meters, taking the depth of the upper surface of the granite (thickness of
the sedimentary cover) into consideration. The shallow borehole investigations involved core logging,
investigations of borehole wall image, geophysical logging (see Section 4.5), fluid logging (see Section
4.6), hydraulic testing (see Section 4.7), and sampling and chemical analyses of groundwater (see Section
4.8). After completing the borehole investigations, long-term hydraulic monitoring was initiated to observe
the changes in groundwater pressure and geochemistry of groundwater associated with the excavation of

the underground facilities.

For the investigations using the existing boreholes, since the items to be investigated and the level of

quality at the time of their drilling differed from the requirements in Phase I of the MIU project, the
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geological and hydrogeological investigations were conducted again® with the aim of determining the
geological and hydraulic characteristics of the weathered granite, the upper highly fractured domain, faults,
the distribution and geometry of water conducting features of the Toki Granite down to a depth of 500
meters. In order to identify water conducing features that may affect groundwater flow, several logging
runs (see Section 4.6) were performed, including electrical conductivity logging, in addition to geological
investigations on cores. Hydraulic tests were also conducted for the identified water conducting features
and other borehole sections. Measurement of the initial stress using cores was also conducted (see Section
4.9). To determine the changes in groundwater pressure associated with the excavation of the underground
facilities, equipment for monitoring of groundwater pressure was installed and long-term hydraulic

monitoring was started after the completion of the investigations in the existing boreholes.

A description of the borehole investigations is provided in Appendix 3 and overview of the results are also

provided in Appendices 5 & 7.

Based on the data obtained from the investigations described above, the geological, hydrogeological,
hydrochemical and rock mechanical models on the site scale developed in Steps 0 and 1 were updated. In
addition, based on these models, analyses of groundwater flow and stress/excavation were conducted. In
the modeling/analyses, the consistency of the models and analysis results among different disciplines was
checked to improve the credibility of the results and to identify factors that would have a significant
influence on the level of uncertainty. Based on the results of the analyses presented above, the geological
and hydraulic characteristics of the NNW trending fault in the granite were identified as being important

for investigation in subsequent steps.

The geosynthesis data flow diagram constructed based on the experience gained through the investigations
in this step is shown in Appendix 4 and the detailed approach for the specific aims is summarized in
Sections 3.4.1 to 3.4.8. Also in Section 3.4.9, key factors for investigation in subsequent steps and
recommendations for further investigations in the disposal project that were identified in this step are

summarized.
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Fig. 3.4-1 Location of the shallow boreholes

3.4.1 Geological structure

Core logging, investigations of borehole wall image, geophysical logging, multi-offset VSP surveys, fluid
logging and hydraulic tests were conducted using shallow and existing boreholes in the site-scale area for
the zone shallower than 500 m in the Toki Granite in order to directly determine the site-scale 3-D
distribution of the geological structures estimated in Step 1299 Based on the geological data obtained
in this step, the thickness of the sedimentary rocks, the correlation between the distribution of the
Tsukiyoshi Channel (see Section 3.2.1) and the tectonic zonation of the Toki Granite (weathered zone,
upper highly fractured domain and low-angle fractured zone to be discussed later), and the relationship
between the width and trace length of discontinuities were used to update the geological model”®. The
distribution of water conducting features was estimated by combining the data on the estimated distribution
of discontinuities, the distribution of the in/out flow points of groundwater determined by fluid logging and

hydraulic characteristics such as transmissivity obtained from the hydraulic tests®").

Results

A combination of investigations such as core logging, investigations of borehole wall image and
geophysical logging in the shallow boreholes allowed definition of the depth profile of each formation of
the Mizunami Group and identification of the subsurface distribution of the NNW trending fault identified
in Step 1. Fault gouge and breccia were observed in the fault and the nature of the fault was revealed to be
consistent with that confirmed in Step 1 (see Section 3.3.1)". A series of geological investigations were
also conducted in the existing boreholes located near the MIU Construction Site, resulting in the
identification of two additional faults with an EW strike and confirmation of the continuity of faults with a
NS strike in the Toki Granite. It was also found that a weathered zone (where almost all primary minerals
are altered or leached and iron-oxidizing minerals and iron hydroxide are precipitated at grain boundaries)

with a thickness of a few meters is located in the upper part of the granite; the upper highly fractured
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domain is distributed down to a depth of at least 500 meters in the granite and there is a zone where
fractures dipping at a low-angle are concentrated in the upper highly fractured domain”~ (low-angle
fractured zone).The multi-offset VSP surveys in the existing boreholes allowed a clear correlation to be
made between the reflection events obtained from the reflection seismic surveys and each formation and
the tectonic classification in the granite found in the boreholes (e.g. the fracture concentration zone dipping

at a low angle), contributing to improved accuracy of their spatial distribution.”>-),

The geological model was updated (Fig. 3.4.1-1: geological map (left) and geological model (right)) based
on the above data. Compared to the model constructed in Steps 0 and 1, the updated model was more
accurate in terms of the distribution of each formation of the Mizunami Group and the understanding of
tectonic zonation (weathered zone, upper highly fractured domain and low-angle fractured zone) and the
distribution of faults in the Toki Granite.

Conclusions and implications for the next investigation steps

In this step, the depths where each sedimentary formation and the tectonic zones of granite occur were
accurately determined and determination of the distribution and nature of the faults in the granite was
possible. In particular, the combination of geological investigations using boreholes and the multi-offset
VSP survey in the boreholes was found to be effective for accurately estimating the spatial distribution of
the faults in the granite.

Fluid electrical conductivity (FEC) logging7)’8)

was effective for determining the distribution of in/out flow
points of the groundwater in the granite and, combined with geological investigations and hydraulic tests,
it could confirm that the NNW, NE and EW trending faults function as the in/out flow paths for
groundwater. The approach of constructing a geological model based only on geological data may overlook
small-scale features that are hydrogeologically significant. Therefore, combining the geological
investigations with hydraulic tests is effective for constructing models that could be used to determine the
distribution and hydraulic characteristics of discontinuities that are important as water conducting

features?.

Issues for subsequent steps would be to determine the distribution and nature of the faults interpreted in

this step for the deeper zone in the granite.

_77_



JAEA-Research 2010-067

-a5°2313° Elevation[m] —-—"'? —

500 —=—

S LIS e °21'52"
137°13738" Tapography map : 1/10.000 Mizunami City (map compilation 1998) 131517 . 4
0 500 1000 [m] 15
Legend [Geological map] #Lineament analysis results were considered in constructing the model.
Quatemnary D AlluviumiTalus deposits - * Fault Legend [Geological model]
.
Neogene Seto G. [ Toki gravel 0‘ MIU construction site [ Seto G. Toki gravel
. [ Mizunami G. Oidawara Fm.
: Site scale
[ oidawara Fm D modeling area Bl Mizunami G. Akeyo/Hongo Fm.
_ Hazama M. Rabadii - Bl Mizunami G. Toki Lignite-bearing Fm.
eflection seismic ; ; . "
Mizunami G. Akeyo Fm. Yamanouchi M. - survey lines [ Toki Granite upper highly fractured domain
I:I - Il Toki Granite low-angle fractured zone
ogari M. @ [E::g h{o;:'(;"lr (OH-2) I Toki Granite lower sparsely fractured domain
B nonioFm. L Hm Highly fractured zone along the Tsukiyoshi Fault
Fault
) QO  Shallow boreholes e
Toki Granite [_] (MSB-1~4)
[MIU project]

Fig. 3.4.1-1 Geological map and geological model revised using existing and new shallow
borehole investigation phase data®

3.4.2 Groundwater flow characteristics

For the NNW trending fault that was predicted from the analysis conducted in Step 1 to have a significant
influence on the characteristics of groundwater flow, data needed to be obtained directly from borehole
investigations. In this step, fluid logging and single-hole hydraulic tests using existing and new shallow
boreholes (see Section 3.4) were conducted with the aim of acquiring data on the hydraulic
characteristics of the Mizunami Group, the Toki Granite and the discontinuities® *. Also, long-term
hydraulic monitoring was conducted in the boreholes used for the above investigations. The aim was to
understand the overall distribution of the hydraulic gradient around the MIU Construction Site and to
quantitatively test the results of the steady state groundwater flow simulation through comparison with the

data from the long-term hydraulic monitoring'®.

The hydrogeological model was updated by adding the hydraulic characteristics of geological units
determined from the individual investigations to the 3-D geological model updated in this step (see Section
3.3.2 'Y). The results of the groundwater flow analyses in Step 1 (see Section 3.3.2) suggested that the
longer the trace of the fault, the greater the effect tends to be on the groundwater flow characteristics.
Therefore, screening focusing on the trace length of faults was conducted to allow effective construction of

the hydrogeological model and groundwater flow analyses. Similarly to the groundwater flow analysis in
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Step 1 (see Section 3.3.2), a sensitivity analysis focusing on the uncertainties associated with hydraulic
characteristics of the faults was conducted, using the updated hydrogeological model to determine the
effect of faults on the distribution of the hydraulic gradient and also to assess the degree of understanding

') The boundary

of the groundwater flow characteristics during the progress of the investigations
conditions for the site-scale analyses were updated by reflecting the investigation data obtained in this step
in the hydrogeological modeling and the analyses of the groundwater flow for the local-scale area'®. The
GEOMASS system (see Section 4.10) was used for the construction of the geological and hydrogeological

models and for the groundwater flow analysis.

Results

The hydrogeological model updated in this step is shown in Fig. 3.4.2-1. The low-angle fractured zone in
the upper highly fractured domain in the Toki Granite was included in the model and the configuration of
formation boundaries and the distribution of faults were updated. The results of the single-hole hydraulic
tests conducted in test intervals set up for each geological unit showed variations in the hydraulic
conductivity of the different formations of the Mizunami Group by an order of magnitude (see Section
4.7)2)’10). This illustrates the importance of setting up test intervals based on geological unit as determined
by borehole investigations when conducting single-hole hydraulic tests. Of the logging runs conducted (see
Section 4.6), the flow volume of the groundwater flow path identified by the fluid electric conductivity
logging and the distribution of transmissivity were consistent with the results of the hydraulic tests'*'¥).
Therefore, it was confirmed that the numerical analysis based on the results of the fluid electric

conductivity logging are an effective method for interpolating the results of the hydraulic tests.

As a result of the long-term hydraulic monitoring using the boreholes, a trend was identified whereby the
groundwater pressure decreased by approximately 40 - 50 meters near the boundary between the
Akeyo/Hongo Formations and the Toki Lignite-bearing Formation in the Mizunami Group, which would
indicate the existence of a hydraulic boundary caused by the sedimentary structure in the Mizunami
Group'?. Large differences in groundwater chemistry in the shallower and deeper zones divided by this
hydraulic boundary were observed, also indicating the possibility of the existence of a hydraulic boundary
from a geochemical point of view (see Section 3.4.3). These findings confirm the importance of observing
in groundwater pressure in each hydrogeological unit in the boreholes and the need to test the observation

results and the groundwater flow characteristics based on the groundwater chemistry.

In order to determine the distribution of hydraulic gradient on the site scale and to evaluate the influence of
the hydraulic characteristics of the fault on the distribution of hydraulic gradient, the 3-D distribution of
hydraulic head was calculated based on the results of the groundwater flow analyses'". In the groundwater
flow analyses, hydraulic anisotropy of the Akeyo/Hongo Formations were assigned taking into account the
hydraulic boundary. A sensitivity case and the results are shown in Section 3.7.2. The comparison of the
results from the sensitivity analyses in this step with those from Step 1 (see Section 3.3.2) showed that the
distribution of hydraulic head in the analysis area differed greatly (Fig. 3.4.2-2), indicating that the faults
considered to significantly affect the groundwater flow-field in/around the MIU Construction Site varied as
the hydrogeological model was updated with the progress of the investigations. This confirms the need for
sensitivity analyses with the progress of stepwise investigations and the importance of identifying the

geological structures to be investigated in the subsequent steps.
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The distribution of hydraulic head based on data obtained from the long-term hydraulic monitoring in the
existing boreholes was compared with that based on the results of the groundwater flow analysis. The
analysis results from Step 1 (see Section 3.3.2) and Step 2 were also compared with each other to confirm
the improvement in reliability of the results with the progress of the investigations. Fig. 3.4.2-3 shows the
square root of the deviation of the measured and modeled hydraulic head in Step 1 and 2. This figure
indicates that the models have been substantially improved reducing the difference by an order of
magnitude. The improvement is due to a) the direct acquisition of data on the hydraulic characteristics of
geological structures from the borehole investigations and b) the contribution of the data obtained with the
progress of the investigations to the improvement of the boundary conditions for the groundwater flow
analyses. This suggests that the boundary conditions for the groundwater flow analyses should be updated
as required, based on the data obtained at each step when the boundary conditions are being established
based on the results of groundwater flow analyses for the wider area and groundwater flow characteristics
in the wider area are being updated'®. The long-term hydraulic monitoring allows determination of the
general trend of the depth profile of the hydraulic gradient with a steady state condition and quantitative

comparison of measured values with analysis results for the groundwater flow analyses.

Conclusions and implications for the next investigation step

For the investigations in subsequent steps, it was considered particularly important to evaluate the
geological and hydraulic characteristics of the NNW, NW and EW trending faults in the granite, for which
it was shown based on the groundwater flow analyses conducted in this step that faults with these strikes
significantly affect the groundwater flow-field at the MIU Construction Site. It would also be important to
obtain data on the geological and hydraulic characteristics of the granite which is predominant in the

hydrogeological model.
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3.4.3 Geochemical characteristics of groundwater
The goals of the investigations in this step were to test and update the hydrochemical model and to
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determine the geological environment prior to the excavation of the underground facilities, based on the

data and the analysis results obtained in Steps 0 and 1.

Since geochemical data of the groundwater of sedimentary formations around the MIU Construction Site
had not been measured up to this point, this step aimed to acquire these data. Therefore, groundwater and
rock samples were collected and analyzed for hydrochemical analysis and for updating the model, by
conducting borehole investigations for the Mizunami Group with a thickness of a few tens of meters to

approximately 200 meters, covering the Toki Granite.

Results

The results of the above investigations indicated that the groundwater in the sedimentary rocks in the
site-scale area is Na-Ca-HCOj; type, rich in silicon and sulphate ions in the shallower part (Fig. 3.4.3-1)
and Na-ClI type in the deeper part of the Mizunami Group and the upper part of the Toki Granite. It was
also found that the salinity of the groundwater generally increases with increasing depth. A low
permeability layer'> was found at the depth where the boundary occurs between the Na-Ca-HCO; type and
the Na-Cl type groundwater in the Mizunami Group. Additionally, a significant lower hydraulic head was
observed in the lower part of Mizunami group. The low permeable layer effectively separates the two
different groundwater types (Fig. 3.4.3-2). The origin and evolution process of Na-Ca-HCO; type
groundwater suggests meteoric water and water-rock interaction, respectivelyls)’lé). On the other hand, the
origin and evolution process of Na-Cl type groundwater is not clear. However, the origin of Na-Cl type

groundwater will be different from the Na-Ca-HCO; type groundwater'®.

In the shallower part of the Mizunami Group, the hydrogen/oxygen isotope ratio in the groundwater varies
within the fluctuation range of that in the precipitation water sampled around the MIU Construction Site.
Tritium was also detected. Thus, the origin of the groundwater in the shallower part of the Mizunami
Group is considered to be recent precipitation, with a faster recharge rate compared to the groundwater in
the deeper part of the Group'® '”. This finding, combined with that in Step 0 (Sections 3.2.2, 3.2.3),
suggests that the flow rate of the groundwater would be very slow deep underground at the MIU
Construction Site where it is surrounded by the Tsukiyoshi Fault and the low permeability formations in

the sedimentary rocks above. This finding is consistent with the results of groundwater flow analysis.

Conclusions and implications for the next investigation step

At the time of excavating the underground facilities, since the distribution of groundwater chemistry and
groundwater flow conditions may have been affected by the distribution of the low permeability
formations in the sedimentary rocks, the extent and level of their influence is expected to be different
bordering at the low permeability formation. Therefore, observations and analyses for each
hydrogeological unit would be essential for evaluating the change in the groundwater regime associated
with the excavation in Phase II and subsequent phases. The geochemical characteristics of the groundwater
in the Toki Granite would need to be reflected in the investigations using deep boreholes to be conducted

in the next step.

In Step 2, information showing the relationship between the distribution of geochemical characteristics of

groundwater chemistry and the hydrogeological structures in the Mizunami Group and the adequacy of the
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subsequent steps was also established e.g. clarification of the origin of the Na-Cl type groundwater in the
lower sedimentary formation.
geochemical characteristics of groundwater would allow the results of the groundwater flow analysis to be

JAEA-Research 2010-067

Comparison of the hydraulic characteristics with the distribution of

tested and the credibility of the conceptual hydrochemical model to be improved.

It was considered important to acquire data on the geochemistry of the groundwater in the granite during

the investigations in the subsequent steps.
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Fig. 3.4.3-1 Depth profile of groundwater chemistry in the borehole (MSB-2,4)
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Fig. 3.4.3-2 Schematic view of groundwater chemistry in the sedimentary rock of site scale

3.4.4 Dilution of nuclides
The distribution of the Darcy velocity was calculated based on the results of the groundwater flow analysis

presented in Section 3.4.2 to determine the dilution effect of each hydrogeological unit.

Results
By updating the hydrogeological model (see Section 3.4.2) using the data acquired in this step, a low-angle
fractured zone with a particularly high hydraulic conductivity in the upper highly fractured domain was

identified as the structure assumed in Step 1 to be an aquifer.

The frequency distribution of the Darcy velocity was calculated for the -different hydrogeological units as
shown in Fig. 3.4.4-1. The results indicated that the Darcy velocity for the low-angle fractured zone is the
highest, followed by the upper highly fractured domain, the Toki Lignite-bearing Formation and the highly
fractured zone along the Tsukiyoshi Fault, where velocity tends to be high in general. The Darcy velocity
in the Akeyo/Hongo Formations is also high, but is lower than that determined for the lower sparsely
fractured domain in Step 1 (see Section 3.3.3). This was because data indicating high hydraulic
conductivity were obtained for the Akeyo/Hongo Formations from the investigations in the shallow
boreholes. This suggests that borehole investigations that can directly determine the hydraulic
characteristics of geological units are very effective for determining the dilution effect. Compared to the
Darcy velocity for the lower sparsely fractured domain with relatively low hydraulic conductivity in the
Toki Granite, the resulting velocity is higher for the low-angle fractured zone, the upper highly fractured
domain, the Toki Lignite-bearing Formation, the highly fractured zone along the Tsukiyoshi Fault and the
Akeyo/Hongo Formations. These results indicate that these would be important hydrogeological units in

considering the dilution effect.

In this step, the low-angle fractured zone was identified as a separate hydrogeological unit where dilution

effects can be expected. For determining the hydraulic characteristics and the dilution effect in the
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site-scale area with high reliability, it would be useful to conduct borehole investigations and directly

acquire data on the distribution of the hydrogeological units deeper underground.

Conclusions and implications for the next investigation step
In the subsequent steps, borehole investigations should be conducted for the zone deeper than that

investigated in this step to determine the existence of additional geological units where a dilution effect
could be expected. Also, it was considered important to calculate the distribution of the Darcy velocity
with higher reliability than in this step, by acquiring data on the distribution range in three dimensions and

reflecting the hydraulic characteristics in the hydrogeological model.

—=— Oidawara Formation
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Fig. 3.4.4-1 Darcy velocity distribution
(The vertical axis shows the ratio (cumulative frequency is 1 in each geological formation and
domain))

3.4.5 Local stress regime and spatial variability of petrophysical/geomechanical properties
of rocks

One of the goals of the investigations in this step was to build on knowledge from the previous steps of the
petrophysical/geomechanical characteristics of rock and local stress regime of the Toki Granite in/around

the MIU Construction Site- and construct a rock mechanical model for the MIU Construction Site.

Laboratory examinations were conducted to estimate the initial stress state. These included
petrophysical/geomechanical examinations using cores from the DH-2 borehole near the MIU
Construction Site and examinations using the differential strain curve analysis (DSCA) method'®. Because
several years had passed since the cores were collected from the DH-2 borehole, the DSCA method was
selected for the measurements, which, in principle, is not influenced by the age of the cores. It should be
noted that the initial stress states obtained using the DSCA method were in the principal stress direction
only. Therefore, the information is not sufficient for use as boundary conditions for the numerical analyses
to predict the impact of the excavation and such an analysis of the rock surrounding the underground

facilities was therefore not conducted.
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Results

A rock mechanical model was constructed for the rock around the MIU Construction Site (Fig. 3.4.5-1),
based on the results of laboratory examinations using cores from the DH-2 borehole and the geological
model updated in this step (Fig. 3.4.1-1). The analysis from the DH-2 borehole showed that the intact rock
has a higher apparent specific gravity and lower effective porosity and elastic wave velocity compared to
the rock mechanical model for the Shobasama Site in Step 0 (see Section 3.2.6). Concerning the
geomechanical characteristics, the uniaxial compressive strength was smaller and the stiffness and the
failure criterion were comparable to those of the model for the Shobasama Site. With regard to the initial
stress states estimated from the laboratory examinations using the DSCA method, the maximum principal
stress direction was N-S to NW-SE and its trend was the same as that of the rock mechanical model for the
Shobasama Site in Step 0. As the initial stress states obtained in this step were in the direction of the
principal stress, the magnitude of the principal stress was not obtained. Therefore, in-situ rock mechanical
tests, such as hydraulic fracturing, using boreholes are required to evaluate the magnitude of the principal
stress in the next step. The petrophysical/geomechanical characteristics of rock and stress regime obtained
in this step were only for the section extending from the upper highly fractured domain in the Toki Granite
down to a depth of 500 meters and the data from Step 0 need to be referred to for the characteristics of the

geological units deeper than 500 meters.

Conclusions and implications for the next investigation step

In the investigations in the subsequent steps, the underground facilities will be excavated down to a depth
of 1,000 meters. In order to construct a rock mechanical model for the zone extending from the surface to
this depth, data on the stress regime and the petrophysical/geomechanical characteristics of the rock would

need to be acquired through investigations using boreholes with a depth of approximately 1,000 meters.
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Direction of maximum principal
stress: N-S ~ NW-SE

(Compare with the Shobasama site)

S A mamblnmsl

| \weA meinod) |
D Sedimentary rock (Mizunami group)
Toki granite
500m D (Upper high fractured domain)
| Toki granite
Y R
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Fig. 3.4.5-1 Rock mechanical model in and around the MIU construction site
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3.4.6 Volume of inflow into underground tunnels
Groundwater flow analyses'” with the aim of predicting the inflow rate into the underground facilities

were conducted using the updated hydrogeological model (see Section 3.4.2)'".

The analyses were conducted by solving a 3-D transient problem for saturated - unsaturated conditions
using the equivalent heterogeneous continuum model*” based on the finite element method. Mesh sizes
were determined using a "nested model" whereby the mesh sizes in the area around the MIU Construction
Site are smaller than those in the outer area so that the hydrogeological structures around the underground
facilities can be modeled in more detail. The Main Shaft, Ventilation Shaft, and galleries (see Fig. 1.2.1-2)
were also included in the model and the internal boundary conditions were changed in a transient manner
by stepwise simulating the excavation process of the underground facilities. The walls of the underground
facilities are considered to represent a boundary condition between a completely open condition and a
no-flow boundary due to the effect of the concrete lining or drainage material placed between the lining
and the rock. The concept of a “pressure relief factor: o” was introduced to establish this boundary
condition at the tunnel, thus taking into account the influence of the tunnel wall on the inflow volume. The
water pressure was obtained by multiplying the difference between the initial water pressure, calculated of
the tunnel wall before excavation, and atmospheric pressure at the same location by the pressure relief

factor a.

For the groundwater flow analyses, a sensitivity analysis (Table 3.4.6-1) was conducted focusing on the
differences in the pressure relief factors and the uncertainty in the hydrogeological model (difference in the
number of discontinuous structures to be modeled). In Model A, the hydrogeological structure in the
site-scale area (see Section 3.4.2) was modeled within the nested model area and the Tsukiyoshi Fault was
modeled in the outer area of the nested model area. Model B augments Model A by the inclusion of
inferred faults defined by lineaments (> 3 km length) in the outer area of the nested model area in Model A,
which could be similar in size to the Tsukiyoshi Fault. Model C was constructed by stochastically
modeling the heterogeneity of the hydraulic conductivity of the granite zone of Model B, associated with

the distribution of water conducting fractures.

Results

The groundwater flow analyses using the hydrogeological model with different heterogeneities (Models A,
B and C) resulted in similar inflow rates into the underground facilities when the pressure relief factors
were the same (Fig. 3.4.6-1). As expected, the inflow rate varied greatly, even for the same model, when

the factors were different.

Since the upper highly fractured domain has a higher hydraulic conductivity compared to the other
hydrogeological unit, 60 - 80 % of the total inflow into the underground facilities was from the zone where
the highly fractured domain is present (approximately 200 - 500 meters depth). In the case of smaller the
pressure relief factor, the ratio of inflow in the zone shallower than the Middle Stage to the total inflow is
larger. While the inflow rate also increased in the zone deeper than the Middle Stage depth (Fig. 1.2.1-2)
when the pressure relief factor was small, the inflow rate showed a maximum rate (approximately 4,000
m’day") immediately after completion of excavation of the Middle Stage and then generally decreased

when the pressure relief factor was large. From the above results it is shown that the influence of the
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hydrogeological characteristics near the tunnel on the inflow rate are quite significant, because artificial

structural material, such as lining concrete or drainage materials may function as a skin.

Despite differences due to the pressure relief factors, it was suggested in all models that the zone with
decreased water pressure due to inflow into the underground facilities was strongly affected by the faults
distributed around the MIU Construction Site that are assumed to be hydraulically anisotropic. As the
range and level of the decrease in the water pressure would affect the inflow rate, it is important to acquire

data on the spatial distribution and hydrogeological characteristics of the faults distributed around the site.

The groundwater flow analysis using the updated hydrogeological model allowed the inflow rate to the
underground facilities to be estimated, taking into account the effect of high permeable and low permeable
features. This model was compared with that developed in Step 0. In addition, important factors for the
investigations in Phase II and subsequent phases were identified, including hydrogeological characteristics

near the underground facilities that would have an influence on the inflow rate into the tunnels.

With the findings described above, the influence of the hydrogeological heterogeneity on the inflow rate
could be evaluated by conducting 3-D groundwater flow analyses, predicting the range of inflow rates into
the underground tunnel based on a hydrogeological model that incorporated heterogeneity. However, 3-D
analysis requires a larger amount of time for meshing and calculation compared to predictions based on
theoretical analytical formulae. Therefore, the decision on which method to apply will depend on the

required accuracy of the predictions for the design/construction of the underground facilities.

Conclusions and implications for the next investigation step

Since the data in this step on the geological and hydrogeological characteristics of the faults in the granite
that are predicted to be encountered by the underground facilities, and on the hydrogeological
characteristics of the lower sparsely fractured domain, are not sufficient, acquiring such data was
considered important in the subsequent steps. Also, since a high inflow rate from the upper highly fractured
domain was predicted, determining the hydrogeological characteristics and the continuity of this domain is

important for improving the accuracy of the predictions.

Table 3.4.6-1 Groundwater flow simulations

Case Modeled fault,”WCF Pressure relief factor
Model A |Tsukiyoshi Fault+ Faults around MIU Construction Site a=0.2,0.8
Model B |Model A+ Lineaments with length more than 3km «=0.2,08

Model B+WCF (Modeled using Equivalent Heterogeneous Porous

Model C medium); 10 realizations

a=0.8

WCF: Water Conducting Feature
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(b) Pressure relief factor: 0.2
Fig. 3.4.6-1 Inflow rate into MIU

3.4.7 Distribution of discontinuities intersecting underground tunnels

The locations where discontinuities would emerge at the planned excavation points for the underground
facilities were predicted® based on the geological model presented in Section 3.4.1, with the aim of
acquiring information on features such as faults and fractured zones at the underground facilities that may

have an influence on the petrophysical/geomechanical characteristics of the rock.

Results

The positions where discontinuities would intersect underground facilities are shown in Fig. 3.4.7-1. The
subsurface extent of the fault with a NNW strike identified in Step 1 (IF_SBO 005 in Fig. 3.3.4-1) was
confirmed and data on the fault were updated (IF_SB1 004 in Fig. 3.4.7-1). It was predicted that newly
identified faults with NS strikes and EW strikes (IF_SB1_001 and IF_SB1 002, 003, 005) may emerge at
the planned MIU Construction Sites. Many of these faults were predicted to dip at high angles by the
integrated interpretation of data gained by geological mapping, reflection seismic survey and borehole

investigations.

Conclusions and implications for the next investigation step

In this step, data on the subsurface extent of the faults was obtained by combining geological

investigations with the multi-offset VSP survey. The distribution of faults in the shallower granite zone (to
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a depth of 500 meters) was determined more accurately compared to that in Step 1.

The issues for subsequent steps would be to determine the distribution and geological characteristics of

faults in the deep granite that were predicted in this step to be encountered by the underground facilities.
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Fig. 3.4.7-1 Predicted geological structures around the MIU facility (Step2)

3.4.8 Subsurface thermal conditions
The goal of this step was to acquire data on the geothermal conditions in the Toki Granite at/around the
MIU Construction Site.

In Step 2, temperature logging was conducted to determine the geothermal gradient in the existing

boreholes near the MIU Construction Site.

Results
The geothermal gradient in the DH-2 borehole, which reaches a depth of 500 meters was 2 °C/100 meters,
a value consistent with the geothermal gradient in the local-scale area (Fig. 3.4.8-1)*". This suggests that

the geothermal gradient on the site/block scale could be determined by temperature logging in a single
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borehole on the local scale, as long as a local heat source such as a volcanic zone is not present.
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Fig. 3.4.8-1 Result of temperature logging (DH-2)

3.4.9 Discussion of result and recommendation for further investigations

Studies in this step included those using four shallow boreholes and data obtained from existing boreholes
drilled as part of the RHS to address the issues listed in Table 3.1-1, with the exception of
a) transport/retardation of nuclides, and b)size and structure of EDZ; petrophysical/geomechanical
properties of EDZ. The aim was to determine the geological and hydrogeological characteristics in the
zone extending from the surface to the shallow geological zone and the geochemical characteristics of the
groundwater.

Based on the results of these investigations, the geological model, the hydrogeological model, the
hydrochemical model and the rock mechanical model constructed in the two previous steps were updated.
Groundwater flow analyses were conducted to estimate the distribution of the hydraulic gradient and the

hydrogeological conditions around the underground facilities.

Through the above investigations and modeling and analyses, key issues for the investigations in

subsequent steps were identified as listed below;

® Determining the geological and hydrogeological characteristics of a NNW, NW and EW trending
faults that are estimated to significantly influence the groundwater flow in the site-scale area and of
faults that are predicted to be encountered by the underground facilities in the granite.

® Determining the geological and hydrogeological characteristics of the granite on the site scale.

®  Acquiring in-situ data on the geochemical characteristics of the groundwater in the granite on the site

scale.
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® Acquiring data on the local stress regime and the petrophysical/geomechanical characteristics of rock

formations by borehole investigations.

Geological structure

Combining the investigations applied in this step was effective for testing and improving the accuracy of
the predictions of the geology/geological structural features made in Step 1. It also allowed the distribution
of faults in the granite, upper highly fractured domian and water conducting features that were difficult to
identify in Step 1 to be determined. The multi-offset VSP survey, in particular, was effective for visualizing
the distribution of faults in the deep granite that were difficult to identify with reflection seismic surveys.
For a more detailed determination of the distribution of faults, 3-D expansion of the analysis domain would

be useful®®; this would entail multi-offset VSP surveys with several survey lines in different directions.

Groundwater flow characteristics

Borehole investigations consisting of single-hole hydraulic tests and fluid electric conductivity logging
were appropriate for determining the distribution of hydraulic characteristics. For single-hole hydraulic
tests, it was important to make working program (including definition of test sections, selection of test
methods, etc.) on the basis of the distribution of geological structural features estimated from the
geological investigations and the distribution of groundwater in/out flow points in boreholes obtained by
fluid logging. In the case where single-hole hydraulic tests could not be performed due to limitations in
terms of costs and time, values could be interpolated from the results of numerical analyses based on fluid

electric conductivity logging.

An iterative evaluation process consisting of updating the geological model, groundwater flow analyses
and evaluations using the same performance index allows evaluation of the influence of specific geological
structures on the characteristics of groundwater flow and identification of geological structures that
significantly affect the distribution of the hydraulic gradient. Based on the results of such an evaluation, the
investigation strategy and program for the subsequent phases can be revised where necessary. For the
smooth implementation of iterative investigations and analyses, it is useful to construct a system for
geological/hydrogeological modeling and groundwater flow analyses, which is allowing users to quickly
construct and modify models in response to the acquisition of new data. When evaluating the
characteristics of groundwater flow based on the results of borehole investigations and groundwater flow
analyses, it is appropriate to include data on the geochemical characteristics of the groundwater, to better

understand the groundwater flow system and to confirm groundwater flow models.

Long-term hydraulic monitoring using boreholes can be used to observe the trend of hydraulic gradient
with depth and make predictions of hydrogeological structures such as hydraulic boundaries. Long-term
hydraulic monitoring allows quantitative comparisons to be made between measured and analytical values.
To acquire data on the overall profile of hydraulic gradient on the site scale at the time of the borehole
investigations, it will be necessary to

- conduct long-term hydraulic monitoring for every hydrogeological unit,

+ understand the hydraulic characteristics of discontinuities such as faults with significantly different

hydraulic conductivities to the background fractured rock

- understand the distribution of groundwater pressure upstream and downstream side of
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discontinuities and
+ formulate a borehole investigation program aimed at determining the influence of undulating

topography that might act as a driving force for groundwater flow.

Geochemical characteristics of groundwater

In this step, it was concluded that a low permeable layer in a sedimentary formation affects not only the
hydraulic head distribution, but also influences the mixing and flow paths affecting distribution of
groundwater chemistry. Based on the understanding of the geological structures in combination with the
determination of hydraulic characteristics (e.g. transmissivity) and head distribution, careful planning of
the specific geochemical investigations for the detection of the distribution of different types of

groundwater chemistry is recommended.

Dilution of nuclides

Borehole investigations that allow direct acquisition of data on the distribution and hydraulic
characteristics of geological units are important for determining dilution effects on the site scale with high

accuracy.

Local stress regime and spatial variability of petrophysical/geomechanical properties of
rocks
Data on the local stress regime and the petrophysical/geomechanical characteristics of rock not only form

the basis for the design of the underground facilities, but are also important for establishing the input
dataset for the numerical analyses to predict the impact of the excavation on the rock around the
underground facilities that are used to evaluate the distribution and petrophysical/geomechanical
characteristics of the EDZ.

The petrophysical/geomechanical characteristics of rock and the depth profile of the initial stress state can
be determined by interpreting data from laboratory examinations for petrophysical/geomechanical
characterization using the DSCA method using cores sampled at different depths. For the disposal project,
laboratory examinations should be conducted using cores from existing boreholes if they are available, to
determine the initial stress state and the depth profile of petrophysical/geomechanical characteristics of

rock.

Volume of inflow into underground tunnels

It is important to determine the hydraulic characteristics at the construction locations of underground
tunnels and to conduct 3-D analyses of groundwater flow based on the hydrogeological model. This is
necessary for accurate prediction of the range of inflow into underground tunnels considering the
heterogeneous hydrogeological structure and for identification of the factors significantly influencing the
estimation of the inflow. In particular, when conducting 3-D groundwater flow analyses, a sensitivity
analysis will be required, focusing on uncertain factors that significantly affect the inflow rate into the
underground tunnels. However, 3-D groundwater flow analyses require a substantial amount of time for
computations compared to estimations based on the theoretical formula. Therefore, the method to be used

depends on the estimation accuracy required for designing and constructing the underground facilities.
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Distribution of discontinuities intersecting underground tunnels

A combination of the investigations applied in this step is useful for testing and improving the accuracy of
the predictions made regarding geological structural features in Step 1. It also allows determination of the
distribution of faults in the granite, upper highly fractured domain and water conducting features that were
difficult to identify in Step 1. The multi-offset VSP survey in particular is effective for visualizing the
distribution of faults in the deep granite that were difficult to identify by reflection seismic survey. For a
more detailed determination of the distribution of the faults, 3-D expansion of the analysis domain would

be useful*, which would entail multi-offset VSP surveys with several survey lines in different directions.

Subsurface thermal conditions

Data on the thermal conditions are required for the design and construction of the underground facilities as
well as conducting future experiments. For the disposal project, the thermal conditions can be determined

by conducting temperature logging in existing boreholes, if available.
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3. 5 Step 3 investigations

In order to address many of the key factors identified in Steps 0 to 2 (see Sections 3.2.10, 3.3.5 and 3.4.9),
a deep borehole was drilled and investigations were conducted to determine the geological structures and
the hydrogeological, geochemical and rock mechanical characteristics of the deep underground
environment (see Sections 4.3 and 4.4). In this step, the results of borehole investigations in borehole
DH-15, carried out as part of the RHS, as well as information from the deep borehole M1Z-1 within the
MIU Project were used. Also in this step, investigations with the specific aims shown in Table 3.1-1 were
conducted, except for those for which the required data could not be obtained.

The objective of the investigations in borehole MI1Z-1 was to determine the hydraulic characteristics of the
NNW trending fault in the granite that passes through the MIU Construction Site, identified as one of
important issues in Step 2 (see Section 3.4), as well as to confirm the spatial distribution of geological
structures such as the upper highly fractured domain and to determine its hydraulic characteristics™?.
Particular emphasis was placed on identifying water conducting features and their distribution, and
determining petrophysical/geomechanical properties, as well as, determining in detail the 3-D distribution
of groundwater chemistry. A further objective was to provide a borehole for the long-term hydraulic
monitoring to observe the changes in groundwater pressure associated with the excavation of the
underground facilities. In addition to considering the above objectives, the layout and depth of the borehole
were determined taking into account budget and construction schedule constraints. Spatial limitations
considered were that the borehole should not cross the border of the MIU Construction Site and that the
investigations should not interfere with the installation work for the surface facilities during the excavation
of the underground facilities (see Appendix 1: Fig. 3.5-1). More specifically, the controlled drilling method
was employed which, after initial vertical drilling, proceeds to an inclined alignment controlling the
direction and dip angle of the borehole towards the desired direction, in our case towards the fault to be
investigated. In order to acquire data on the geology at the greatest depth possible, the length of the
borehole was planned to be 1,350 m, which was the maximum depth that could maintain the direction and
dip angle required for intersecting with the fault and is the greatest depth possible for excavation within the
boundaries of the MIU Construction Site.

The investigations conducted in borehole MIZ-1 included core logging, investigations of borehole wall
image, geophysical logging (see Section 4.5), fluid logging (see Section 4.6), hydraulic testing (see Section
4.7), sampling and chemical analyses of the groundwater (see Section 4.8) and initial stress measurements
(see Section 4.9). Hydraulic responses due to borehole drilling and testing activities in MIZ-1 were
monitored by using a hydraulic monitoring system installed in the existing and shallow boreholes to
confirm hydraulic responses/connections. Finally, a long-term hydraulic monitoring system was installed
in MIZ-1 to observe the changes in groundwater pressure associated with the excavation of the
underground facilities.

The objectives of the investigations in borehole DH-15 were to determine the hydraulic characteristics of
the E-W trending fault in the granite passing through the MIU Construction Site that was identified as one
of important issues prior to Step 3 and to determine the influence of the fault on the groundwater chemistry.
Initiating a long-term hydraulic monitoring program in DH-15 to determine the change in groundwater
pressure associated with the excavation of the underground facilities was also one of the objectives®. The
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location and layout of borehole was based on considerations of objectives, budget and schedule (see
Appendix 1). The borehole was planned to be drilled vertically down to a depth of 1,000 m. The
investigation items in borehole DH-15 were the same as those for borehole M1Z-1. After completion of the
investigations, a long-term hydraulic monitoring system was also installed.

A description of the borehole investigations is presented in Appendix 3 and the outlines of the
investigations in Appendices 5 and 7.

Based on the results of the above investigations, the geological, hydrogeological and hydrochemical
models on the site scale and the rock mechanical model on the block scale that had been constructed in
Steps 0 to 2 were updated. Using these updated models, analyses of groundwater flow and
stress/excavation were conducted to predict the distribution of the hydraulic gradient and
geomechanical/hydraulic properties of tunnel near-field environment. The consistency between models and
analysis results from different disciplines was checked to improve the credibility of the investigation
results. Also, changes in uncertainties and key factors affecting the analysis results were evaluated. Finally,
the continuity of the hydrogeological structures affecting groundwater flow was identified as an important
issue for investigations in the subsequent steps.

The geosynthesis data flow diagram that was constructed based on the experience gained through
investigations in this step is shown in Appendix 4 and the detailed approach for the specific aims is
summarized in Sections 3.5.1 to 3.5.9. Key factors for investigation in the subsequent steps and
recommendations for further investigations in the disposal project that were identified in this step are
summarized in Section 3.5.10.
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Fig. 3.5-1 Location and layout of the planned MIZ-1 borehole®
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3.5.1 Geological structure

Core logging, investigations of borehole wall image, geophysical logging, fluid logging and hydraulic tests
were conducted in boreholes MIZ-1 and DH-15 to determine the 3-D distribution of the geological
structures in the granite zone deeper than 500 m which had not been investigated prior to Step 3345818
Based on the geological data obtained from these investigations the accuracy of the correlation® between
the thickness of the sedimentary rock and the distribution of the Tsukiyoshi Channel assumed in Step 2 and
preceding steps (see Section 3.2.1) and the tectonic zonation in the Toki Granite (e.g. the weathered zone,
upper highly fractured domain and low-angle fractured zone) were improved. Also, the spatial distribution
of discontinuities on the site scale was estimated based on newly identified features in order to update the
geological model™®. The distributions of the water conducting features were predicted®®® 78 py
interpreting combined data on the hydraulic characteristics, including the locations of the predicted
discontinuities, the points of groundwater in/out flow determined from fluid logging and the transmissivity
obtained from the hydraulic tests. Data on the hydraulic characteristics and its connectivity of the
discontinuities were acquired from monitoring of hydraulic responses due to borehole drilling in the
shallow boreholes where the long-term hydraulic monitoring systems were installed.

Results

The geological investigations consisted of core logging, investigations of borehole wall image and
geophysical logging, which allowed determination of the depth of occurrence of the upper highly fractured
domain in the granite, as well as, the nature and the distribution of the lower sparsely fractured domain
observed in the zone deeper than the upper highly fractured zone and faults with NW to NNW strikes and
an EW strike (Fig. 3.5.1-1). Three large-scale faults (shown with blue lines in Fig. 3.5.1-1) were found®,
which were significantly altered (characterized by chlorite and clay minerals) and were assumed to cut
across the MIU Construction Site. Based on the above data, the geological model was updated (Fig.
3.5.1-2: updated geological map (left) and updated geological model (right))'®. The quality of the
geological model in terms of its representation was improved by including the tectonic zonation of the
granite in the deep underground (the upper highly fractured domain, the low-angle fractured zone and the
lower sparsely fractured domain) and data on the fault extending in the deep granite in the geological
model constructed in Step 2 and preceding steps. The NNW trending fault identified in Steps 1 and 2
(IF_SB01_004 in Fig.3.5.1-1) was not confirmed in the boreholes in this step.

Conclusions and implications for the next investigation step

The fluid electric conductivity logging allowed high-precision determination of the distribution of
groundwater infoutflow points in the granite (transmissivity >10® m? s). Combining this with the
geological investigations and the hydraulic tests also allowed to determine the occurrence and hydraulic
characteristics of discontinuities that are important as water conducting features (Fig. 3.5.1-3)>9:18),
Through interpretation of the hydraulic responses observed in the surrounding boreholes during borehole
drilling™ and comparing these with the spatial distribution of the estimated discontinuities, the hydraulic
characteristics and its connectivity were determined”®*®"). Thus, the hydraulic response due to borehole
drilling is considered to be an effective method for evaluating the occurrence of discontinuities and their
hydraulic connectivity.
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Issues for subsequent steps would be to determine the spatial continuity of the faults identified in this step,
which would require detailed definition of the distribution of the faults with NS to NNW strikes and an
EW strike that extend near the underground facilities. In order to obtain more information about these
faults, cross-hole tomography between boreholes either side of the MIU (e.g. between MIZ-1 and DH-2) as
well as additional reflection seismic survey at the northern to north-eastern of the MIU Construction Site
and a VSP survey using deep borehole around the MIU (e.g. M1Z-1 and DH-15 borehole) were planned for
the next step.
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3.5.2 Groundwater flow characteristics

Data on the hydraulic characteristics of the Toki Granite needed to be acquired directly by deep borehole
investigations in order to determine the characteristics of groundwater flow in the granite. One of the
objectives was to determine the hydraulic characteristics of the major faults that were identified as key
features in the preceding steps. Single-hole hydraulic tests and fluid logging were conducted in a deep
borehole to acquire data on the hydraulic characteristics of the Mizunami Group, the Toki Granite and the
discontinuities®>97). Monitoring of hydraulic responses due to borehole drilling was also conducted in
shallow boreholes where a long-term hydraulic monitoring system was installed in Step 2 to observe the
changes in groundwater pressure associated with the deep borehole investigations; this allowed

determining the continuity of the hydraulic characteristics and the hydraulic boundary in the rocks™?.

The hydrogeological model was updated by including the hydraulic characteristics of the geological
structures of the updated 3-D geological model (see Section 3.5.1)*>. For the modeling of the faults as
hydrogeological features, a screening process based on the length of each fault trace was applied, as in Step
2, and the hydraulic anisotropy of the faults was evaluated based on the continuity of the hydraulic
characteristics between boreholes estimated from the monitoring of hydraulic responses due to borehole
drilling™. Basically, any fault identified as lying between hydraulically connected boreholes was excluded
as a potential barrier. Groundwater flow was analyzed using the hydrogeological model, which was
calibrated using the distribution of hydraulic head obtained from the long-term hydraulic monitoring in
boreholes. A sensitivity analysis was conducted focusing on the hydraulic anisotropy of the faults'. The
investigation data obtained in this step were reflected in the hydrogeological modeling in the local-scale
area and the boundary condition for the site-scale area was updated”. The GEOMASS system (see Section
4.10) was used for the construction of the above geological/hydrogeological models and for the analysis of
groundwater flow.

Results

The hydrogeological model updated in this step is shown in Fig. 3.5.2-1. The results of the deep borehole
investigations were used to update, the configuration of the surface of the boundary of geological units, the
fault distribution and the hydraulic conductivities of the geological units. The single-hole hydraulic tests
indicated a difference in hydraulic conductivity between the upper highly fractured domain, the low-angle
fractured zone and the lower sparsely fractured domain in the Toki Granite®?®7") The results of the
single-hole hydraulic tests for the water conducting features, which were identified based on core
inspections, borehole imaging, geophysical logging and fluid logging, indicated that hydraulic conductivity
of fault are not always higher than the hydraulic conductivity of the background fractured rock. Therefore,
it can be concluded that some faults, parts of these faults, act as conduits for groundwater flow but others
have a function as flow barrier that impedes groundwater flow™?.

It was confirmed that inflow points can be detected with higher accuracy by fluid electric conductivity
logging compared to flowmeter and temperature logging, even at a depth of 500 meters (Fig.
3.5.1-3)¥997  However, the fluid electric conductivity logging signal is affected by differences in
groundwater chemistry such as salinity of inflowing water-conducting features and the borehole fluid,
which is replaced by water with a different electric conductivity for the execution of the logging tests (see
Section 4.6). Therefore, in the case of execution of the fluid electric conductivity logging in the deep
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geological zone where the salinity may differ significantly from that in the near-surface zone, results of the
detection of water conducting features by the fluid electric conductivity logging would be advisable to be
checked by single-hole hydraulic tests. In the sections where mud was used for drilling, the hydraulic
conductivity around the boreholes was reduced due to the infiltration of muddy water into the fractures and
the hydraulic conductivity calculated from the results of the electric conductivity logging suggested a
lower hydraulic conductivity than the actual hydraulic conductivitys)'e)'”, as determined from hydraulic
tests in the same section. The fluid logging results (water conducting features) were associated either with
faults or with the “background fractured rock”. In the first case, their properties were used as the hydraulic
properties of the faults, which were modeled deterministically. In the second case, they were used to
determine the hydraulic conductivity values of the “background fractured rock” (e.g. upper highly
fractured domain).

Using the shallow boreholes from Step 2, the continuity of the hydraulic characteristics and the existence
of the hydraulic boundary infaround the MIU Construction Site were evaluated by monitoring of hydraulic
responses due to the drilling of deep borehole and long-term hydraulic monitoring. Hydraulic effects were
observed up to a distance of a few 100 meters. This depends on the distribution and hydraulic conductivity
of the geological units in the study area. When investigations are planned in multiple boreholes, it is
preferable to investigate the boreholes in sequence rather than at the same time, i.e. to install the hydraulic
monitoring system after completing the investigations in one borehole and start the groundwater pressure
monitoring before initiating the investigations in the next borehole to make the analysis of the interaction
possible™®.

The 3-D distribution of hydraulic head was calculated based on the groundwater flow analyses and the
influence of the hydraulic anisotropy of fault on the distribution on the site scale was evaluated. One
example of the results of the sensitivity analysis is shown in Fig. 3.5.2-2. Compared to Steps 1 and 2, the
results in this step showed that the variability in hydraulic head was smaller and the difference in the head
distribution was significant only when it was due to the hydraulic anisotropy of the NE trending fault. The
main reason for the reduction in the variability of the head distribution resulting from the sensitivity
analyses is that actual field observations are used to determine the fault properties; for example, the
existence of hydraulic anisotropy in the majority of the NNW and EW trending faults was derived based on
the results of the monitoring of hydraulic responses due to the drilling. Thus, the distribution of the
hydraulic head measured in the boreholes compared with the values based on the results of the
groundwater flow analyses with this impact is closer to the actual situation. Fig. 3.5.2-3 shows the square
root of the deviation of the measured and modeled hydraulic head in Step 1 and 2 for the DH-2 borehole.
This figure indicates that the comparison was improved by approximately 2 m in this step compared to
Step 2.

Conclusions and implications for the next investigation step

Since the number of boreholes that could be drilled for the borehole investigations is limited in terms of the
cost, time, environmental limitations and disturbance in the area affected by the drilling, it is considered
necessary to acquire as much data as possible from a limited number of boreholes. For the investigations in
subsequent steps, the optimum use of boreholes that were drilled in this step and Step 2, the acquisition of
detailed data on the hydraulic characteristics and its connectivity of the geological structures in/around the
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MIU Construction Site and the evaluation of the impact on groundwater flow characteristics were
considered to be important.
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3.5.3 Geochemical characteristics of groundwater

The objectives of the deep borehole investigations include determining the geochemical characteristics of
the groundwater in the granite to a depth of approximately 1,000 meters prior to excavation of the
underground facilities in order to incorporate the results in the initial conditions for the analyses of the
influence of the excavation on the groundwater regime around the facility in Phase Il and subsequent
phases. A further objective is to determine geochemical characteristics of the groundwater encountered in
the underground facilities as input for planning the investigations in Phase Il. To this end, groundwater and
rock samples were collected and analyzed and the hydrochemical model based on the investigation results
from Step 2 and preceding steps was updated.

Results

Na-Ca-Cl type groundwater with a salinity of approximately 2,500 mg 1™ (one tenth of the salinity of
seawater) was found in the granite at a depth of approximately 1,000 meters in the site-scale area (Fig.
3.5.3-1). The quantitative hydrochemical model with the 3-D distribution of the groundwater chemistry
was updated to estimate a more detailed distribution of the water chemistrylS) by repeating the multivariate
analysis, with more reliable data on the water chemistry obtained during Step 3 instead of the data used for
the multivariate analysis conducted in Step 0. The pH value of the groundwater was almost always in the
range of 8 - 9 and this was consistent with the result predicted in Step 0 (see Section 3.2.3). As a result of a
thermodynamic analysis using PHREEQ-C, calcite was found to be under-saturated to just saturated at
almost all groundwater sampling points. Based on this result and microscopic observation of rock
alteration, the water has a major pH buffering capacity due to dissolution/sedimentation reactions with
carbonate minerals™®. Measurement of redox potential (Eh) was conducted during pumping tests, although,
it was difficult to obtain good quality data. However, based on mineral observations and the results of
dissolved gas analysis, potential occurrence of redox reactions involving iron minerals, sulphur minerals
and hydrogen sulphide gas was indicated. With regard to the origin and residence time based on
measurements of **C and *H of the Na-Ca-Cl type groundwater, it was concluded from the isotope
composition and the ratio of the dissolved chemical components that the groundwater was diluted from
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saline water that either originated from fossil seawater or from long-term water-rock reactions. Either way,
the origin of the Na-Ca-Cl type groundwater will be different from Na-Ca-HCO; type groundwater.
However, the potential dilution could not be confirmed through investigations in this step, because the
salinity of the groundwater was lower compared to that of seawater. Since the origin and residence time of
groundwater are useful for validating the results of the groundwater flow analysis, this remains an issue for
the investigations in Phase Il and subsequent phases e.g. “*C/*Cl measurements below 400mbsl.*®)

Conclusions and implications for the next investigation step

The hydrochemical model of the distribution of groundwater chemistry on the site scale that was
constructed in Step 0 was updated using the results from this step (see Section 3.2.3). A quantitative model

of groundwater chemistry relating to initial conditions prior to the excavation of the underground facilities
15),16)

was constructed (Fig. 3.5.3-2)
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Fig. 3.5.3-1 Three-dimensional distribution of groundwater chemistry in the site scale

- 105 -



JAEA-Research 2010-067

400

600 7]

500

1600 1

00
80 0 °

Fig. 3.5.3-2 Hydrochemical conceptual model around site scale.

3.5.4 Transport/retardation of nuclides

The goal of this step in terms of retardation effects of solute transport was to determine the sorption and
diffusion properties of the materials in the rocks, the solute transport zone in the rock (pore structures or
porosity contributing to solute transport) and the impact of colloid, organics and microbes on solute
transport. This was done to update the information on retardation properties obtained in Step 0. Laboratory
tests were conducted using cores and groundwater samples from the deep boreholes to determine details of
the petrological and mineralogical characteristics of the Toki Granite and the water conducting features,
geochemical and petrophysical characteristics and geochemical characteristics of groundwaters)*e)'”. From
laboratory tests using cores from the deep borehole MIZ-1, the sorption coefficients of Cs and Sr for
waters with high Na-CI concentrations were obtained and the depth of matrix diffusion was predicted from
the distribution profile of the uranium series nuclides (*®U, ***U, #°Th) near the water conducting
features'?. Based on the data acquired up until this step, the major retardation mechanisms of sorption and
matrix diffusion in the Toki Granite were evaluated.

Results

The data on sorption coefficients and the depth of matrix diffusion for the Toki Granite obtained from the
laboratory tests using cores were consistent with existing information and estimates based on existing
data'®. The investigation results and interpretation in Step 0 could also be refined: the sorption capability
of the fracture-filling minerals is larger by one to two orders of magnitude than that of the matrix of the
Toki Granite and the depth of matrix diffusion near the water conducting features is a few tens of
millimeters or more. The study of solute transport and geochemical processes in natural environments
similar to those predicted to occur in a geological disposal system (natural analogue studies) are important
for verifying the credibility of investigation results*”). However, cores are physically disturbed by drilling,
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sampling and conditioning and the characteristics of the pore structures observed on normal cores are thus
clearly different from observations of resin impregnated overcores*®'®. Therefore, a detailed evaluation of
solute transport characteristics needs to be conducted in the investigations in Phase Il and subsequent
phases.

Conclusions and implications for the next investigation step

The types and volumes of colloid and organics (e.g. organic-sulfur colloid, fulvic acid, humic acid etc.) and
microbes in the groundwater were considered to change with changing groundwater chemistry at the depth
of the MIU Construction Site?®?Y. Due to the borehole investigations, contamination by drilling fluid in
the sampled groundwater was a few % to tens of % (ratio of the fluorescent dye concentration in the
sampled groundwater to the initial fluorescent dye concentration added to the drilling fluid), which is
insufficient for acquiring good quality data on colloid, organics and microbes. Sampling of less
contaminated groundwater will not be achievable before Phase Il, when long-term sampling will be
possible. In Phase Il in particular, when less influence due to the excavation of the underground facilities
can be expected, the information mentioned above should be collected.

3.5.5 Dilution of nuclides
The distribution of the Darcy velocity for each geological unit was calculated based on the results of the
groundwater flow analyses conducted in this step (see Section 3.5.2).

Results

For the hydrogeological model updated in this step (see Section 3.5.2), since no new hydrogeological units
that could act as aquifers were added to the hydrogeological model of Step 2 (see Section 3.4.4), the same
units as in Step 2 (the low-angle fractured zone, the upper highly fractured domain, the Toki
Lignite-bearing Formation, the highly fractured zone along the Tsukiyoshi Fault and the Akeyo/Hongo
Formation) were kept as the aquifers that could be expected to have a dilution effect.

The Darcy velocities of the above hydrogeological units were calculated (Fig. 3.5.5-1) and the results
indicated that the velocity was highest in the low-angle fractured zone, followed by the upper highly
fractured domain, the Toki Lignite-bearing Formation, the highly fractured zone along the Tsukiyoshi Fault
and the Akeyo/Hongo Formation. Focusing on the low-angle fractured zone, the variability of the
distribution and the values for the Darcy velocity of this zone were smaller compared to those in Step 2.
This is due to the fact that new data of the low-angle fractured zone were obtained from the two deep
boreholes. Compared to the Darcy velocity for the lower sparsely fractured domain, the Darcy velocity was
relatively higher for the low-angle fractured zone, the upper highly fractured domain, the Toki
Lignite-bearing Formation, the highly fractured zone along the Tsukiyoshi Fault and the Akeyo/Hongo
Formation, as was found in Step 2. This indicates that they are important hydrogeological units when
considering the dilution effect.

The accuracy of the Darcy velocity calculated from the groundwater flow analyses will be improved with
increasing data on the geological and hydrogeological characteristics of the geological units in future steps.
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Conclusions and implications for the next investigation step

Since the number of boreholes that can be drilled for borehole investigations is limited from the viewpoint
of costs of the investigations, time limitations, environmental limitations and the disturbance to the area
affected by the drilling, it is considered necessary to acquire as much data as possible from a limited
number of boreholes. For the investigations in subsequent steps, in order to make optimum use of
boreholes that were drilled in this step and Step 2, it was thought to be important to acquire detailed data
on the connectivity, 3-D distribution and hydraulic characteristics of the highly permeable layers and
structures, the existence of which was confirmed in the boreholes, and to calculate the distribution of the
Darcy velocity with higher confidence than was possible in this step through incorporation of the data into
the hydrogeological model.

0.50

—=— Oidawara Formation
0.45 x Akeyo/Hongo Formation | |
‘; \ —=— Toki lignite bearing Formation
| —a— Highly fractured zone along the Tsukiyoshi fault | |
—e— Upper highly fractured domain
—=— Low angle fractured zone

—— Lower sparsely fractured domain

0.40

0.35

0.30

0.25

Ratio

0.20

0.15

0.10

0.05

0.00
-10.0 -9.5 -9.0 -8.5 -8.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0

Darcy velocity ( Log [V (m s )] )

Fig. 3.5.5-1 Darcy velocity distribution (The vertical axis shows the ratio (cumulative frequency is
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3.5.6 Local stress regime, spatial variability of petrophysical/geomechanical properties of
rocks, and size and structure of EDZ

The goals of the investigations in this step include improving knowledge of the
petrophysical/geomechanical characteristics and initial stress state of the Toki Granite at the MIU
Construction Site, improving the rock mechanical model developed in the previous step and making
improved predictions of the extent and petrophysical/geomechanical characteristics of the EDZ.

Using the deep boreholes and core samples collected at the MIU Construction Site, initial stress
measurements using the hydraulic fracturing method and petrophysical/geomechanical tests in the
laboratory were conducted to acquire data for constructing a rock mechanical model. Also, a numerical
analysis predicting the excavation effect on the rock around the underground facilities was conducted,
considering the excavation damage zone using the method that takes into account the discontinuous rock
surface.
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Results

The results of the measurements of initial stress using the hydraulic fracturing method???® in the M1Z-1
borehole are shown in Fig. 3.5.6-1. Based on these results and the geological model updated in this step
(see Section 3.5.1), the rock mechanical model for the MIU Construction Site was constructed (Fig.
3.5.6-2). The Toki Granite observed in the M1Z-1 borehole includes the upper highly fractured domain and
the lower sparsely fractured domain and contains faults with a high-angle dip. The
petrophysical/geomechanical properties, such as uniaxial compressive strength and Young’s modulus in the
Toki Granite, were generally larger compared to those in Step 0 (see Section 3.2.6) and Step 2 (see Section
3.4.5). B to CM grade moderately hard rocks according to the CRIEPI classification®” *®, were identified
at the site. In the zone where faults cross each other at a depth of approximately 200 meters, however, CL
grade soft rocks with a high effective porosity, low apparent specific gravity and low geomechanical
strength were found. The initial stress state was found to change in the zone near the fault zone at around
600 meters depth®??. Since the change in the local stress conditions as discussed above can only be
determined by in-situ measurements, in-situ tests such as hydraulic fracturing would have to be conducted
at several locations taking the distribution of faults into account when determining the initial stress states in
detail.

Using the rock mechanical model constructed in this step as a basis, predictions were made of the EDZ
with the MBC model®, a crack tensor model®” and a virtual fracture model®® (as was done in Step 0).
These analyses involved two-dimensional analyses (at depths of 500 meters and 1,000 meters) and
three-dimensional analyses (at a depth of 1,000 meters) to predict the displacement, strain, distribution of
fracture apertures and distribution of the shear strain affecting the local safety factors of the rocks around
cavities caused by the excavation of the underground facilities. An example of the results of the analyses is
shown in Fig. 3.5.6-3 and Fig. 3.5.6-4. Based on the results, the characteristics of the fractures around the
underground facilities generated by rock displacement, stress and excavation effects were estimated to be
strongly influenced by the initial stress states, the size and direction of existing fractures and newly formed
fractures due to the excavation. In order to correctly reflect the effect on the orientation of the fractures and
to evaluate rock behavior at the junction of vertical and horizontal tunnels, a 3-D analysis was considered
to be more effective than 2-D analysis.

Conclusions and implications for the next investigation step

For the investigations in the next and subsequent phases, it was considered to be necessary to evaluate the
validity of the analysis methods and to examine the application of the methods regarding the excavation
impact for the discontinuities, by comparing data obtained from various measurements at the galleries (e.g.
rock displacement and wall displacement) and the in-situ tests.
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Fig. 3.5.6-3 Fracture aperture and increase in hydraulic conductivity (2-D analysis)
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Fig. 3.5.6-4 Distribution of fracture apertures and hydraulic conductivity (3-D analysis)

3.5.7 Volume of inflow into underground tunnels
A groundwater flow analysis was conducted with the aim of predicting the inflow rate into the
underground facilities using the updated hydrogeological model™® (see Section 3.5.2) 2.

The analyses were conducted by solving a 3-D transient problem for saturated - unsaturated conditions
using the equivalent heterogeneous continuum model®” based on the finite element method, as was done in
Step 2 (see Section 3.4.6). A sensitivity analysis was also conducted focusing on the differences in the
heterogeneity (difference in the number of the discontinuities for modeling) of the hydrogeological model
(Table 3.5.7-1). Since data on the pressure relief factor considering the hydraulic characteristics near the
underground facilities (see Section 3.4.6) could not be obtained in the investigations in Phase I, a
sensitivity analysis was conducted for this parameter using the same values as in Step 2.
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Results

The groundwater flow analysis using the heterogeneous hydrogeological models (Models A, B and C)
resulted in similar inflow rates into the underground facilities when the same pressure relief factor was
used, despite the differences in the models (Fig. 3.5.7-1). As expected, the rates were very different for the
same model when different pressure relief factors were used. These trends are the same as the results of the
groundwater flow analyses in Step 2 using different hydraulic parameters.

When the pressure relief factor was 0.8, the overall inflow rate was predicted to be approximately 1,000 -
1,500 m®day ™, except during periods when the Middle Stage and Main Stage were being excavated (Fig.
3.5.7-1(a)). In the case where highly permeable structures such as faults were encountered during
excavation, the local inflow rate would reach approximately 2,000 m°day™, an increase of 500 - 1,000
m>day™ compared to the case with no highly permeable structure.

When the pressure relief factor was 0.2, the inflow rate was greater; it increased with excavation depth and
the maximum rate was predicted to be over 10,000 mday™ (Fig. 3.5.7-1(b)). The largest inflow rate was
from the upper highly fractured domain of the Toki Granite near the zone at a depth of 200 - 500 meters.
Although the inflow rate was lower in the lower sparsely fractured domain compared to the upper highly
fractured domain, it was larger in the zone where a high permeable fault crosses (Fig. 3.5.7-2). The
estimated inflow rate in Step 3 was increased from that in Step 2. This is assumed to be due to the updating
of the spatial distribution of the highly permeable structures (number of such structures that emerge in the
underground facilities) and the hydraulic characteristics of the structures updated in Step 3. Highly
permeable structures that could significantly influence the inflow rate into the underground facilities are
expected to occur frequently at the site. For high-precision determination of the number and location
(depth) of the highly permeable structures dipping at a high angle that encountered by the underground
facilities (particularly in the shafts), priority should be given to acquiring data on the spatial distribution
and hydraulic characteristics of the highly permeable structures at the planned excavation point of the
underground facilities.

As seen in Step 2, the inflow rate into the underground facilities was significantly affected by the internal
boundary conditions and highly permeable structures, compared to the effect of any other factors.

Also, as found in Step 2, all the models suggested that the drawdown of the groundwater level around the
underground facilities due to the inflow of groundwater into the facility was significantly affected by the
faults located around the MIU Construction Site. These faults were assumed to be hydraulically anisotropic.
Since the range and rate of the drawdown will affect the inflow rate, it will be important to acquire data on
the spatial distribution and hydraulic characteristics of the faults distributed around the MIU Construction
Site.

Conclusions and implications for the next investigation step

It was decided that for the investigations in the next and subsequent steps, the accuracy of the predictions
of the number and locations of highly permeable structures that emerge in the underground facilities should
be improved. Also, that characterization of the geology and hydrogeology of the faults at the excavation
points of the underground facilities and around the MIU Construction Site would be important for
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improving the accuracy of predictions of groundwater inflow rate into the facility.

Table 3.5.7-1 Groundwater flow simulations

Case Modeled fault,”WCF Pressure relief factor
Model A [Tsukiyoshi Fault+ Faults around MIU Construction Site «=0.2,0.8
Model B [Model A+ Lineaments with length more than 3km «=0.2,08

Model B4+WCF (Modeled using Equivalent Heterogeneous Porous
Model C el Mo 9=a g 2=02,08
medium) ; 10 realizations
WCF: Water Conducting Feature
Inflow rate Depth of Inflow rate Depth of Inflow rate Depth of
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| I l |
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(a) Pressure relief factor: 0.8
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(b) Pressure relief factor: 0.2
Fig. 3.5.7-1 Inflow rate into MIU
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Fig. 3.5.7-2 Distributions of inflow rate into MIU (pressure relief factor: 0.2)

3.5.8 Distribution of discontinuities intersecting underground tunnels

The lacations where discontinuities would occur at the planned excavation points of the underground
facilities was predicted based on the geological model'® discussed in Section 3.5.1, including faults and
fractured zones that are considered to affect the petrophysical/geomechanical characteristics of the rock.

Results

Using the predictions based on the geological model in Section 3.5.1 (Fig. 3.5.8-1), faults that are
considered to be identical to those identified in Step 2 (IF_SB1_002 and IF_SB1_003 in Fig. 3.4.7-1) were
identified and their distribution was updated (IF_SB2a 07 and IF_SB2a 08 in Fig. 3.5.8-1). These faults
and those additionally identified in this step were determined to be faults that could be intercepted by the
underground facilities. Most of the faults were predicted to dip at a high angle according to the
interpretation of integrated data gained by geological mapping, reflection seismic survey and borehole
investigations.

Data on the locations of the faults in the granite were obtained in this step. In particular, fault occurrence at
greater depth was determined more accurately compared to Step 2.

Conclusions and implications for the next investigation step

It was considered that the issues for the subsequent steps would be to acquire data on the spatial continuity
of the faults in the deep Toki Granite that were predicted in this step to emerge in the underground
facilities.
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Fig. 3.5.8-1 Predicted geological structures around the MIU facility (Step3)

3.5.9 Subsurface thermal conditions
The goal of this step was to acquire data on the geothermal condition in the Toki Granite at/around the
MIU Construction Site.

Temperature logging in the deep MIZ-1 borehole and thermal property tests (measurement of thermal
conductivity, specific heat and linear expansion coefficient) using core samples from the borehole was
conducted for the MIU Construction Site.

Results

The results of the logging and the tests showed that the geothermal gradient in the MI1Z-1 borehole was
within the range of the results in Step 0 and Step 2 (Fig. 3.5.9-1)*". The distribution of the thermal
properties was the same as that on the local scale (Fig. 3.5.9-2). Thus, temperature logging using a single
hole is sufficient for determining the geothermal gradient on the local scale, provided there is no local
thermal source such as a volcanic zone. The thermal properties could also be determined by the thermal
property tests using core samples from a single hole, as long as there are no changes in the pore structure
or mineralogical composition of the rock.
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Fig. 3.5.9-2 Result of thermal property test (MIZ-1)

3.5.10 Discussion of result and recommendation for further investigations

Deep borehole investigations were carried out to determine the geological structures, hydrogeological
characteristics, geochemical characteristics of the groundwater and geomechanical characteristics from the
surface to deep underground in order to achieve the specific aims shown in Table 3.1-1, except for
retardation effect in solute transport and influences of colloid, organics and microbes.

Based on the results of the investigations, the models constructed in Step 2 and preceding steps were
updated, including the site-scale geological hydrogeological and hydrochemical models and the
block-scale rock mechanical model. Based on these models, groundwater flow analyses and
stress/excavation analyses were conducted to estimate the distribution of the hydraulic gradient and the
geomechanical/hydrogeological conditions around the underground facilities.

The key factors for the investigations and analyses in subsequent steps were identified to include:

- 116 -



JAEA-Research 2010-067

® Determining the spatial continuity of faults with N-S to NNW strikes and the E-W strike that were
predicted to be distributed around the underground facilities.

® Acquiring data on the hydraulic characteristics and the continuity of the water conducting features
between the boreholes.

® Determining the geological and hydraulic characteristics of the faults predicted to be encountered by
the underground facilities.

Geological structure

The combination of investigations applied in this step was extremely effective for determining the 3-D
distribution of geological structures in the deep Toki Granite. In particular, investigations combining core
loggings and investigation of borehole wall image allow detailed determination of the distribution of the
geological structures and the characteristics of the Toki Granite. The locations and hydraulic characteristics
of discontinuities that are important as water conducting features could also be determined by combining
fluid electric conductivity logging and hydraulic testing. The investigations in Step 3 were extremely
important for evaluating and confirming the results of Step 2 and preceding steps, including modeling, and
for planning activities in Step 4 and subsequent steps.

Groundwater flow characteristics

The geochemical characteristics of groundwater such as salinity in the deep underground environment
could differ significantly from those near the surface. Therefore, when determining hydraulic conductivity
using single-hole hydraulic tests and fluid electric conductivity logging, an overall evaluation of the
hydraulic conductivity distribution from a geochemical viewpoint is necessary in addition to the geological
and hydrogeological perspectives.

When investigations were conducted in several boreholes at the MIU Construction Site to determine the
hydraulic connectivity and boundary between the boreholes, it was important to formulate a plan for
defining the geological structures in the area of interest, the optimum locations for the borehole
investigations and the schedule for the investigations. The borehole investigations can be more effective
when conducted in series rather than all at the same time, because data on hydraulic connectivity and
hydraulic boundaries between the boreholes can be obtained by monitoring of hydraulic responses in the
already drilled boreholes.

Geochemical characteristics of groundwater

Where the groundwater chemistry is a result of the mixing of water with different salinities and water-rock
interactions as identified on the site scale in the Tono area, effective methods for determining the
geochemical characteristics of the groundwater would combine multivariate analysis, thermodynamic
analysis of water-rock interactions, the mineral observations and analysis of the chemistry and isotopes of
the groundwater that were applied in Steps 0 to 3. Through a combination of these methods, the major
processes that lead to the observed groundwater chemistry could be identified (e.g. major water-rock
interactions and the conditions for the mixing of the end-members of the groundwater). Also, the reliability
of the results for the hydrogeological modeling and the groundwater flow analyses could be demonstrated
using data on the origin and residence time of the groundwater. As shown in the investigations in Step 3
and preceding steps, the above investigation methods will gradually improve the degree of understanding
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of the geological environment through the increasing volume of data, improvement in data quality and
consolidation of the existing data from borehole investigations.

Transport/retardation of nuclides

Laboratory tests on cores allow overall evaluation of sorption and matrix diffusion, which are the primary
retardation mechanisms for solute transport. Since the test results can be validated by comparison with
matrix diffusion properties determined in natural analogue studies, the method of combining laboratory
tests and natural analogue studies would be effective. Also, for the evaluation of colloid, organics and
microbes in the groundwater in this step, it is essential to collect groundwater samples that have extremely
low contamination and that represent in situ conditions. To achieve this, it would be best to collect water
samples using the monitoring boreholes over a long period of time.

Dilution of nuclides

Considering the depth of interest, it is effective to conduct borehole investigations down to the deep
underground to acquire data on the hydraulic characteristics of geological structures that could contribute
to dilution.

Local stress reqime, spatial variability of petrophysical/geomechanical properties of rocks
and size and structure of EDZ

Data on the local stress regime and the petrophysical/geomechanical characteristics of rock not only form
the basis for the design of the underground facilities, but are also important for establishing input
conditions for the numerical analysis to predict excavation effects on the rock around the underground
facilities.

In this step, a depth profile of the petrophysical/geomechanical characteristics of rock was established by
petrophysical/geomechanical tests in the laboratory using core samples from the deep boreholes; the depth
profile of the initial stress was determined by investigations such as hydraulic fracturing at different depths
using boreholes. For the preliminary investigations, the initial stress states and the depth profile of the
petrophysical/geomechanical characteristics were determined by tests in the deep boreholes and in the
laboratory using core samples and by measurement of the initial stress using the hydraulic fracturing
method. As demonstrated in this step, since the stress conditions vary with the presence of discontinuities
such as faults, planning an investigation program focusing on the major geological structures is important.
The validity of the analysis of excavation effects on the surrounding rock will be demonstrated only when
the investigation results are available after the excavation of the underground facilities. However, the
geomechanical impact of excavation on the rock surrounding the underground facilities can be predicted to
some extent from the results of the surface-based investigations.

Volume of inflow into underground tunnels

It was found that the spatial distribution and hydraulic characteristics of discontinuities such as faults
emerging at the underground tunnels could have a significant influence on groundwater inflow rate.
However, in the case where such features dip at a high angle and the underground tunnels extend in a
vertical direction, high-precision determination of the depth where highly permeable structures are
assumed to be encountered is difficult with borehole investigations conducted at a distance from the
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construction location of the underground tunnel. Therefore, in order to accurately determine the number
and depths of highly permeable structures dipping at a high angle that emerge at underground tunnels, it
will be necessary to conduct borehole investigations at the construction points of the underground tunnels.

Since the range and rate of drawdown of the groundwater level are considered to have an influence on the
inflow volume, it will be important to acquire data on the spatial distribution and hydraulic characteristics
of faults that are considered to affect the drawdown. Because the number of the boreholes will be limited
due to various restrictions, the presence of hydrogeological structures such as faults that could significantly
influence the inflow rate should be examined using a sensitivity analysis before conducting borehole
investigations.

Distribution of discontinuities intersecting underground tunnels

Combining a range of investigations in this step was useful for verifying and improving the accuracy of
predictions of the geological features obtained in Step 1. It allowed to determine the occurrence of faults in
the deep granite and features that may function as water conduits. The monitoring of hydraulic response
during drilling in boreholes located near the borehole being drilled was appropriate for determining the
nature of flow barrier or the hydraulic connectivity of the identified discontinuities.

Subsurface thermal conditions

Data on the thermal conditions are required for the design and construction of the underground facilities.
Data on the geothermal gradient and thermal rock properties were acquired by temperature logging in deep
boreholes and laboratory tests on thermal rock properties using cores. In the preliminary investigations for
the disposal project, the thermal condition will also be determined using the same methods. Since
significant changes in the geothermal gradient would not be expected within a range of a few km on the
local scale provided there is no local heat source such as a volcanic zone, the geothermal gradient on the
local scale can be obtained by temperature logging in a single hole. Thermal rock properties can be
determined by laboratory tests on several cores from a single hole. However, when the pore structures and
the types and volume of the composite minerals of the rocks vary, the thermal rock properties can also
change and therefore need to be determined taking the heterogeneity into consideration.
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3.6 Step 4 investigations

In accordance with the key factors identified in Step 3 (see Section 3.5.10), a series of geophysical and
hydrogeological investigations were conducted between boreholes in and around the MIU Construction
Site with the aim of determining the connectivity of important geological structures and the hydraulic
characteristics of the structures that were predicted to influence groundwater flow in Step 3 and the
preceding steps (see Section 3.5). The existing borehole DH-2 drilled as a part of the RHS and the deep
borehole DH-15 were used for the investigations in this step. Table 3.1-1 shows the investigations and their
specific aims conducted in this step.

The objectives of the crosshole investigations were:

(&) To determine the distribution and connectivity of the geological structures between the boreholes that
were confirmed by the borehole investigations in Step 3 and preceding steps for the granite near the
underground facilities.

(b) To acquire data on the distribution of discontinuities such as faults and fractured zones located at the
underground facilities that are considered to affect the geophysical, hydraulic and geomechanical
characteristics of the rock.

(c) To determine hydraulic characteristics and connectivity of water-conducting features between
boreholes.

Investigations for objectives (a) and (b) above included a seismic tomography survey and a resistivity
tomography survey between the deep borehole MIZ-1 and the existing borehole DH-2, a multi-offset VSP
survey (see Section 4.2) using the deep boreholes MIZ-1 and DH-15 and a reflection seismic survey with
survey lines passing through the vicinity of the deep boreholes MIZ-1 and DH-15. For objective (c), a
crosshole hydraulic test was conducted using the deep borehole MIZ-1 as the pumping hole and the
shallow boreholes MSB-1 and MSB-3, the existing borehole DH-2 and the deep borehole DH-15 as
boreholes for monitoring the hydraulic response.

The seismic tomography survey and the resistivity tomography survey were conducted with the layout
shown in Fig. 3.6-1, focusing on determining the detailed distribution of the major discontinuities in the
upper highly fractured domain in the Toki Granite and at the MIU Construction SiteV.

The multi-offset VSP survey was conducted with the layout shown in Fig. 3.6-2, with the objective of
accurately determining the distribution of discontinuities that had been confirmed or predicted in Step 3,
including the upper highly fractured domain and the low-angle fractured zone near the boreholes®.

The objective of the reflection seismic survey with survey lines passing through the vicinity of the deep
boreholes was to determine the distribution and connectivity of the discontinuities in the area to the north
to north-east of the MIU Construction Site, where the existence of these features had been confirmed or
predicted in Step 2, but data had not yet been acquired. The survey was conducted for the two survey lines
that passed in the vicinity of the borehole M1Z-1 and the borehole DH-15 with the layout shown in Fig.
3.6-3".

The objective of the crosshole hydraulic tests was to determine the hydraulic characteristics and its

=122 -



JAEA-Research 2010-067

connectivity of low-angle fractured zone and discontinuities that had been confirmed or predicted in Step 3
and the preceding steps. Two pumping tests were conducted, one from the low-angle fractured zone in
borehole MIZ-1 and one from the discontinuities predicted to extend between the MIZ-1 and DH-2
boreholes™?. The layout of the pumping section and the monitoring sections are shown in Fig. 3.6-4 and
the test conditions in Table 3.6-1.

Based on the test results, the geological and hydrogeological model constructed in Step 3 and the preceding
steps were updated. Groundwater flow analyses were conducted using these updated models to predict the
distribution of the hydraulic gradient and the groundwater flow conditions around the underground
facilities. The reliability of the results was improved by checking the consistency of the models and
analyses results. Significant factors that affect the variation in the uncertainties and in the analysis results
were evaluated and important factors for the investigations in Phase 11 were identified (see Section 3.6.6).

The geosynthesis data flow diagram that was constructed based on the experience from the investigations
in this step is shown in Appendix 4. The detailed approach used to achieve the specific goals and issues is
summarized in Sections 3.6.1 to 3.6.5. The key factors for analysis in the next and subsequent steps and
recommendations for further investigations in the disposal project that were identified in this step are
summarized in Section 3.6.6.
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Table 3.6-1 Specifications for the crosshole hydraulic tests

TestID Test interval Main eventsin | Pumping flow Pumping time | Pumping volume
(meter along borehole) the test rate (I/min) (hour) (m3)
PW-SW/SWS-
Testl | 191.00-226.41 RW1/RWS1- 10.8 (RW9) 244.6 (RW9) 157.6 (RW9)
RW9/RWS9
PW-SW/SWS-
Test2 | 662.20 - 706.23 RW/RWS-PI 5.2 355.2 1109

* PW : Pulse withdrawal test, SW : Slug withdrawal test, SWS : Pressure recovery test after
slug withdrawal, RW : Constant rate withdrawal test, RWS : Pressure recovery test after
constant rate withdrawal, PI : Pulse injection test

3.6.1 Geological structure

Crosshole seismic tomography and resistivity tomography surveys were conducted between the deep
borehole MIZ-1 and the existing borehole DH-2 (Fig. 3.6-1)" with the objective of determining the
connectivity of the discontinuities identified and predicted in Step 3 and preceding steps for the area near
the underground facilities. Multi-offset VSP surveys were also conducted using borehole MIZ-1 and
borehole DH-15, with the aim of determining the spatial distribution of the faults identified in the deep
boreholes (M1Z-1 and DH-15) in Step 3 and the presence of the discontinuities near the boreholes (Fig.
3.6-2)Y34). Reflection seismic surveys were conducted for the two survey lines passing in the vicinity of
MIZ-1 and DH15, north to north-east of the MIU Construction Site where no investigations were
conducted in Step 2. The aim was to determine the connectivity of the NW, NNW and EW trending faults
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that were confirmed or predicted around the underground facilities in Step 3 and the preceding steps (Fig.
3.6-3)".

Based on the geological data obtained in this step, the consistency of the distribution of the tectonic
zonation in the Toki Granite (e.g. the upper highly fractured domain and the low-angle fractured zone) that
was confirmed or predicted in Step 3 and the preceding steps was checked. A principal component analysis
(see Section 4.1) was conducted using the data from the geophysical logging and core logging from the
boreholes investigations in Step 3 and the preceding steps (e.g. DH-2, MIZ-1 and DH-15) to define the
fault section in detail. The spatial distributions of the discontinuities on the site scale were predicted using
additional data identified in Step 4 in order to update the geological model.

Results

Four faults that located between borehole MIZ-1 and borehole DH-2 were predicted by the tomography
surveys (Fig. 3.6.1-1). The multi-offset VSP survey using the deep boreholes and the reflection seismic
survey showed the geological boundaries in the Mizunami Group located primarily to the north to
north-east of the MIU Construction Site and the location of the unconformity between the Toki Granite and
the Mizunami Group. With regard to the distribution of the upper highly fractured domain and the
low-angle fractured zone in the granite, the geological model in Step 3 and the distribution of the
reflection events were generally consistent. By combining the multi-offset VSP survey and the reflection
seismic survey, 24 faults in total were predicted (Fig. 3.6.1-2 and Fig. 3.6.1-3). The geological model was
updated based on the above data (Fig. 3.6.1-4).

Conclusions and implications for the next investigation step

In this step, the discontinuities located near the Main Shaft were identified particularly by the crosshole
tomography survey (Fig. 3.6.1-5). Also, compared to Step 3 and the preceding steps, the locations of the
discontinuities near the underground facilities were identified in more detail by the multi-offset VSP
survey using the deep boreholes and the reflection seismic survey with the survey lines that surround the
area around the underground facilities in Step 3. From the data on the distributions of faults from the near
surface to the deep underground that were acquired in this step and the preceding steps (knowledge of the
location of the faults and the correlation between the direction and the size of the faults), it was confirmed
that the width of the NW trending fault is large around the MIU Construction Site and the distribution of
the fault is generally consistent with that of the steep topography of the Tsukiyoshi Channel (see Section
3.2.1). Overall it was possible to interpret fault configurations and their interconnecting relationship from
the additional datasets and to improve the accuracy of the predictions of overall fault distributions made in
preceding steps.

When conducting the seismic tomography survey in this step, the energy of the seismic source in the boreholes
was not transmitted sufficiently between the boreholes due to the long distance between them (approximately
260 meters). Therefore, as an alternative method to the crosshole tomography survey, seismic tomography was
conducted between the ground surface and the boreholes, with the seismic source at the ground surface
between the boreholes. This approach was effective for identifying the discontinuities between the boreholes in
the relatively shallow zones (down to approximately 300 meters in this investigation), although data for the
deep underground were difficult to obtain because of the measurement geometry.
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3.6.2 Groundwater flow characteristics

Long-term crosshole hydraulic tests (pumping period of around two weeks) were conducted? using the
deep borehole M1Z-1 at the MIU Construction Site as the pumping hole and four boreholes as monitoring
holes, namely the shallow boreholes MSB-1 and MSB-3 (around 100 - 200 meters in depth), an existing
borehole near the MIU Construction Site (DH-2) and the deep borehole DH-15 (about 1,000 meters in
depth), to acquire data on the hydraulic characteristics (hydraulic conductivity and storativity) and its
connectivity of the high permeable fractured zone in granite predicted in Step 3 and the preceding steps.

The hydrogeological model was updated based on the hydraulic characteristics of the geological structures
determined in the crosshole hydraulic test and the 3-D geological model (see Section 3.6.1) that was
updated in this step®. The updated hydrogeological model was calibrated based on the data on the transient
groundwater pressures change associated with the crosshole hydraulic tests in each monitoring hole. A
sensitivity analysis was also conducted focusing on the hydraulic anisotropy of the faults®*®. The boundary
conditions for the site-scale area were updated by incorporating the investigation data obtained in this step
in the hydrogeological model for the local-scale area and the groundwater flow simulations”. The
construction of the above geological/hydrogeological models and the groundwater flow analyses were
based on the GEOMASS system (see Section 4.10).

Results

The crosshole hydraulic test was conducted with a maximum pumping rate of approximately 10 L min™.
The maximum change in pressure at the monitoring holes associated with the test was approximately 2 kPa
(about 0.2 meters hydraulic head), comparable to that caused by earth tides. Noise such as the effect of
tides, atmospheric pressure and abnormal values due to the resolution of the measuring equipment was
filtered from the measured data (see Section 3.8.2) to acquire clear hydraulic responses associated with the
crosshole hydraulic tests”. The results of the crosshole hydraulic tests and a schematic diagram of the
hydrogeological structure around the MIU Construction Site that was predicted based on these results is
shown in Fig. 3.6.2-1 and Fig.3.6.2-2. The hydraulic response at the monitoring holes indicated differences
in responses between the shallow zone and the deep zone around the MIU Construction Site and
differences bordering the fault that exists in the center of the MIU Construction Site were observed. This
suggests the presence of a hydraulic boundary caused by the sedimentary structure and the fault with low
hydraulic conductivity, as was suggested by the results of long-term hydraulic monitoringg) conducted
around the MIU Construction Site to date.

The hydrogeological model was calibrated through the groundwater flow analyses focusing on two
aspects; the hydraulic characteristics of geological structures and the distribution and location of the
faults®®. Using data on the transient groundwater pressures change generated by the pumping test for the
calibration, the hydraulic characteristics of the geological structures and the distribution ranges and
locations that had not been determined before this step could be derived. The hydrogeological model
updated in this step is shown in Fig. 3.6.2-3. For the model in this step, as an additional hydrogeological
structure, a basal conglomerate was assumed to be present at the base of the Akeyo/Hongo Formations and
the Toki Lignite-bearing Formation of the Mizunami Group. The configuration of the surfaces of the
geological boundary and that of the fault distributions, as well as the typical hydraulic characteristics (i.e.
hydraulic conductivity) of the geological structures were also updated.
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The calibration of the hydrogeological model indicated the existence of hydraulic anisotropy for all the
faults considered except for the NNW trending fault. For this fault sensitivity runs focusing on the
existence of anisotropy of the NNW trending fault were also conducted as in the previous steps and the
3-D distribution of the hydraulic head was calculated each time. The results of the sensitivity analysis
shown in Fig. 3.6.2-4 indicated that the distribution of the hydraulic head was generally similar to that in
the preceding steps. A full sensitivity case and the results are shown in 3.7.2. The effect on the groundwater
flow-field due to the existence of the hydraulic anisotropy of the NNW trending fault located south of the
MIU Construction Site was found to be small. The measured distribution of the hydraulic head at the
boreholes was compared with that based on the groundwater flow analyses. Fig. 3.6.2-5 shows the square
root of the deviation of the measured and modeled hydraulic head difference in this step and Steps 1 - 3.
This figure indicates that the fit of the analytical to the measured values was improved by approximately 2
m in this step compared to Step 3, which indicates that the crosshole investigations were effective for
acquiring data on the spatial distribution, hydraulic characteristics and its connectivity of the high
permeable fractured zone.

The reliability of the hydrogeological model prior to the construction of the underground facilities was
improved by adopting an iterative approach in Phase I. This approach repeats a series of types of
investigations that involve constructing the hydrogeological model by incorporating the investigation
results in each step and identification of the key factors for investigation in the next phase, based on the
results of the groundwater flow analyses.

An average difference of approximately 20 meters still remained between the measured hydraulic head
monitored in the boreholes and the model results (for example, Borehole DH-2, Fig. 3.6.2-5). The major
factor potentially affecting the difference was insufficient understanding of the distribution of the low
hydraulic heads in the zone deeper than the Akeyo/Hongo Formations of the Mizunami Group as observed
by the long-term hydraulic monitoring (see Section 3.4.2), leading to an inappropriate representation based
on the hydrogeological model in this step. Since the hydraulic head in the zone deeper than the
Akeyo/Hongo Formations of the Mizunami Group is considered to be similar to that of the Toki River,
which is predicted to be the hydraulic boundary of the groundwater passing through the deep underground
around the MIU Construction Site, one hypothesis is that a highly permeable geological structure exists
which facilitates flow from the deep underground at the MIU Construction Site to the Toki River.
Investigations to confirm the above hypothesis have not been conducted due to cost, time and
environmental restrictions. The Tono Research Institute of Earthquake Science has been monitoring the
groundwater level at a borehole (TGR350) located approximately 250 meters south of the MIU
Construction Site since 1998, before the start of the MIU project”. As shown in Fig. 3.6.2-6, the
groundwater level has lowered at a rate of 0.4 meters/year since the start of monitoring. The groundwater
level in the boreholes in and around the MIU Construction Site is also expected to show the same trend.
Thus, the measured values used for the comparison with the results of the groundwater flow analyses in the
steady-state may not represent a steady-state condition in the context of long-term evolution. At this point
in time, the factors causing the reduction of the water level over a long period of time have not been
clarified. As shown in Fig. 3.6.2-6, the fluctuation in groundwater pressure due to earthquakes was
monitored at the boreholes around the MIU Construction Site. In order to correctly determine the
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distribution of the groundwater pressure at any point in time, long-term hydraulic monitoring would be
required.

Conclusions and implications for the next investigation step

In order to improve the understanding of the characteristics of groundwater flow, issues that have not been
resolved to date should be taken up in the investigations and studies in Phase Il and subsequent phases.
Prioritizing investigations based on the iterative approach is considered very important.
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3.6.3 Dilution of nuclides
The distribution of the Darcy velocity was calculated based on the results of the groundwater flow analysis
discussed in Section 3.6.2 to determine the dilution effect of each hydrogeological unit.

Results

The hydrogeological model updated in this step (see Section 3.6.2) defined a basal conglomerate as an
additional hydrogeological unit at the base of the Akeyo/Hongo Formations and the Toki Lignite-bearing
Formation of the Mizunami Group. In this step, therefore, the basal conglomerate was identified as a
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hydrogeological unit that could be expected to act as an aquifer, in addition to the structures already
identified in Step 3 (low-angle fractured zone, the upper highly fractured domain, the Toki Lignite-bearing
Formation, the highly fractured zone along the Tsukiyoshi Fault and the Akeyo/Hongo Formation).

The frequency distribution of the Darcy velocity of the above hydrogeological units was calculated (Fig.
3.6.3-1). The result indicated that the low-angle fractured zone showed the highest distribution, followed
by the basal conglomerate of the Akeyo/Hongo Formations, the Toki Lignite-bearing Formation and its
basal conglomerate and the highly fractured zone along the Tsukiyoshi Fault. The upper highly fractured
domain and the highly fractured zone along the Tsukiyoshi Fault showed different trends in the frequency
distribution of the Darcy velocity, although their hydraulic conductivities were similar. Also, despite the
hydraulic conductivity of the upper highly fractured domain having a similar value to that in Step 3, the
frequency distribution for the Darcy velocity of the zone differed greatly from that in Step 3. These results
suggest that, even in aquifers with similar hydraulic conductivities, the expected dilution effect may be
different depending on their distribution and configuration as well as the configuration, location and
hydraulic conductivity of other hydrogeological units. Within the Toki Granite, the Darcy velocities of the
low-angle fractured zone, the Akeyo/Hongo Formations and its basal conglomerate, the Toki
Lignite-bearing Formation and its basal conglomerate, the highly fractured zone along the Tsukiyoshi Fault
and the upper highly fractured domain were relatively high compared to that for the lower sparsely
fractured domain with relatively low hydraulic conductivity, which would suggest their importance in
terms of dilution effect.

The crosshole investigations conducted in this step contributed to improving the reliability of the
hydrogeological model by providing data on the geological structures that had not previously been
determined and the 3-D distribution, connectivity and hydraulic characteristics of geological structures that
had been either confirmed or predicted to exist in the investigations in Step 3 and the preceding steps (see
Section 3.2.5 (3)). The accuracy of the frequency distribution of the Darcy velocity obtained from the
groundwater flow analyses conducted based on the model needs to be improved.

Conclusions and implications for the next investigation step

In Phase |, refinement of the hydrogeological model and determination of the dilution effect in the
site-scale area were undertaken using an iterative approach. In Phase I, the connectivity, 3-D distribution
and hydraulic characteristics of the geological structures that were expected to have a dilution effect in this
step would need to be determined or predicted by acquiring data on the changes in ground pressure
associated with the excavation of the underground facilities.
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3.6.4 Volume of inflow into underground tunnels

Groundwater flow analyses using the hydrogeological model® (see Section 3.6.2) that was updated by
calibration using the transient data on groundwater pressure from the crosshole hydraulic test were
conducted with the aim of predicting the inflow rate into the underground facilities.

The analyses were conducted by solving a 3-D transient problem for saturated - unsaturated conditions
using the equivalent heterogeneous continuum model*® based on the finite element method as examined in
Steps 2 and 3 (see Sections 3.4.6) and 3.5.7). As part of the groundwater flow analyses, sensitivity analyses
were also conducted focusing on the differences in the pressure relief factor taking into account the
hydraulic characteristics around the underground facilities, as was done in Steps 2 and 3 (Table 3.6.4-1).
Since the necessary data could not be obtained in the investigations in Phase I, a sensitivity analysis was
conducted using the same pressure relief factor as in Steps 2 and 3. It became clear from the examination
in Steps 2 and 3 that the differences in the inflow rate into the underground facilities were small for the
different models. The examination in this step was therefore conducted using a single model.

Results

The results of the groundwater flow analyses in Step 4 indicated that the inflow rate would differ
significantly even when using the same model when the pressure relief factors are different (Fig. 3.6.4-1),
as was indicated in Steps 2 and 3.

When the pressure relief factor was 0.8, the maximum inflow rate was predicted to be approximately 1,000
m? day ™. The general trend was for the inflow rate to increase when the excavation of the shaft reached the
basal conglomerate of the Toki Lignite-bearing Formation; the trend showed a decrease in the lower
sparsely fractured domain of the Toki Granite.
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When the pressure relief factor was 0.2, the inflow rate suddenly increased after the excavation of the shaft
reached the basal conglomerate of the Toki Lignite-bearing Formation and decreased in the lower sparsely
fractured domain of the Toki Granite at depths greater than 500 meters. The maximum inflow rate was
predicted to be approximately 4,000 m® day™ at the point when the excavation was completed at the Main
Stage of 1,000 meters. Although the maximum inflow rate was more than 10,000 m® day™ (see Section
3.5.7) in Step 3, the rate based on the analyses in Step 4 decreased to 40 % of that in Step 3. The sudden
increase in the inflow rate seen at the time of excavating the Middle Stage and Main Stage in Step 3 was
not seen in Step 4. This may be due to the updating of the geological model (see Section 3.6.1) and the
calibration of the hydrogeological model using the results of the crosshole hydraulic tests (see Section
3.6.2), meaning that a smaller number of faults with higher hydraulic properties around the MIU
Construction Site were considered to intersect the shafts compared to Step 3. Another reason may be that
the excavation steps in the groundwater analysis were subdivided into smaller steps to simulate the
excavation process in more detail for the analysis.

As in the case in Step 3, all models indicated that the drawdown around the area where groundwater
inflows into the underground facilities was strongly influenced by the faults distributed around the MIU
Construction Site that are assumed to have hydraulic anisotropy.

Conclusions and implications for the next investigation step

When comparing the results for the inflow in Step 2 to Step 4, the predicted inflow changed significantly
because of the updated number and locations of highly permeable structures intersecting the underground
facilities and the hydraulic characteristics of these structures, resulting from the increase in data. In order to
accurately predict the inflow rate into the underground facilities, it was considered necessary to further
characterize these intersecting structures. For this purpose, it was considered important to acquire data on
the spatial distribution and hydraulic characteristics of the highly permeable structures at the excavation
point of the underground facilities and the area near the facility, as described in Section 3.5.7).

Table 3.6.4-1 Groundwater flow simulations

Case Modeled fault,”WCF Pressure relief factor
Model B_1 |Tsukiyoshi Fault a=0.2
—+Faults around MIU Construction Site
Model B_2 |+Lineaments with length more than 3km a=0.8
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Fig. 3.6.4-1 Inflow rate into MIU (pressure relief factor: 0.8 and 0.2)

3.6.5 Distribution of discontinuities intersecting underground tunnels

The locations where discontinuities would emerge at the planned excavation point of the underground
facilities were predicted based on the geological model discussed in Section 3.6.1. The aim was to acquire
information on the presence of discontinuities such as faults and fractured zones at the underground
facilities that might influence the petrophysical/geomechanical characteristics of the rock.

Results

In terms of the locations where discontinuities would be encountered at the planned excavation points of
the underground facilities (Fig.3.6.5-1), 28 faults in total were predicted in Step 4 to be present around the
MIU Construction Site from the crosshole tomography survey and the multi-offset VSP survey using the
deep boreholes in Step 3 and the reflection seismic survey in the area north to north-east of the MIU
Construction Site (where no previous investigations had been done). Most discontinuities were predicted to
dip at high angles by the integrated interpretation of data gained until Step 0 to Step 4.

Conclusions and implications for the next investigation step

In this step, the discontinuities located near the Main Shaft were identified, particularly by the crosshole
tomography survey. Also, the accuracy of the prediction of the faults that may emerge in the underground
facilities was improved from that in Step 3 and the preceding steps by the reflection seismic survey along
the survey lines (including the survey lines in Step 1) that surround the underground facilities. From the
data on the distribution of the faults from the surface to the deep underground acquired in this and the
preceding steps, the distribution of the faults and their connections were interpreted. The accuracy of the

predictions was greatly improved.
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Fig. 3.6.5-1 Predicted geological structures around the MIU facility (Step4)

3.6.6 Discussion of results and recommendations for further investigations

The crosshole investigations were conducted with the objective of determining the connectivity of
significant geological structures affecting groundwater flow and their hydraulic characteristics, covering
the issues listed in Table 3.1-1 (geological structure, groundwater flow characteristics, dilution of nuclides
and geomechanical/hydraulic properties of tunnel near-field environment). The crosshole investigations
were included seismic and resistivity tomography surveys using the boreholes in and around the MIU
Construction Site, multi-offset VSP surveys using deep boreholes, reflection seismic surveys along survey
lines close to the deep boreholes and crosshole hydraulic tests.

Based on the results of these investigations, the geological model and the hydrogeological model on the
site scale constructed in Step 3 and the preceding steps were updated. Groundwater flow analyses based on
these models were also performed to predict the distribution of the hydraulic gradient and the hydraulic
characteristics around the underground facilities.

In Phase I, the key factors for the investigations in Phase Il and the subsequent phases were identified
through modeling and analyses conducted from Steps 0 to 4. The details are summarized in Section 3.7.
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Geological structure

A crosshole tomography survey for a cross-section passing through the vicinity of the underground
facilities was effective for predicting the distribution of the faults emerging in the underground
facilities. ,Although it would be preferable to conduct the surveys at the same location (along the same
survey line), combining the crosshole tomography, reflection seismic survey and multi-offset VSP survey
as far as possible in order to accurately predict the distributions of the faults in the zone from the shallow
to the deep underground, not all the survey techniques could be applied to the same location. In the seismic
tomography survey, due to the long distance between the boreholes (approximately 260 meters), the
seismic source energy was insufficient to allow transmission between the boreholes because of the faults
present between the boreholes. Therefore, as an alternative method, seismic tomography between the
ground surface and the boreholes was conducted, setting the seismic source at the ground surface between
the boreholes. The seismic tomography from the ground surface to the boreholes was effective for
identifying the discontinuities between the boreholes in relatively shallow zones (down to approximately
300 meters in this investigation). Data for the deep underground were difficult to obtain because of the
measurement geometry. For further surveys it should be kept in mind that because the signals in the
crosshole tomography may not be sufficiently transmitted, depending on the distance between the
boreholes and the geological conditions, it may be necessary to prepare several types of seismic sources
prior to conducting the survey. Also, given the investigation costs and the quality control of acquired data,
it would be important to select instruments and specifications that are appropriate for the distances between
the boreholes and the geological conditions.

Finally to improve the accuracy of the predicted distributions of the discontinuities in areas where
investigations have not been conducted, a simulation analysis (e.g. a digital sandbox modeling“)) of the
geological structure using the acquired geological and geophysical data could be effective.

Groundwater flow characteristics

Since the number of boreholes that can be drilled for the borehole investigations will be limited from the
viewpoint of cost, time, environmental limitations and disturbance in the area affected by drilling, it was
considered necessary to acquire as much data as possible from a limited number of boreholes.

Crosshole hydraulic tests may be an effective method for predicting the hydrogeological structure between
boreholes using holes that have already been drilled, thus avoiding the need for new drilling. In conducting
crosshole hydraulic tests, test areas and geological structures to be investigated should be defined based on
the hydrogeological model constructed in the preceding steps and the groundwater flow analyses before
planning the layout of the pumping and monitoring holes, the pumping rate and period. Even though the
change in groundwater pressure associated with crosshole hydraulic tests may be as small as that of
background fluctuation due to earth tides, a clear hydraulic response could be obtained by eliminating
noise such as the effect of the earth tides and atmospheric pressure changes and by improving the
resolution of the measuring equipment.

The calibration of the hydrogeological models using transient data on groundwater pressure obtained from

the crosshole hydraulic tests was effective for determining the hydraulic and structural characteristics of
geological features (distribution and locations) that have not been determined in the preceding steps.
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Since groundwater pressure could fluctuate significantly due to earthquakes, long-term hydraulic
monitoring would be necessary to correctly determine the fluctuation of groundwater pressures with time.

Dilution of nuclides

A combination of seismic and resistivity tomography surveys using boreholes, the multi-offset VSP survey
and the reflection seismic survey conducted at the same location (along the same survey line) was effective
for predicting the distribution of discontinuities from the surface to deep underground. Crosshole hydraulic
tests and groundwater flow analyses using transient data for groundwater pressure could be used to
determine the connectivity and hydraulic characteristics of aquifers that could contribute to dilution. These
techniques would also be appropriate for determining the geological and hydraulic characteristics of the
discontinuities that may influence the dilution effect.

Volume of inflow into underground tunnels

Crosshole investigations were capable of determining the spatial extent and hydraulic connectivity of
highly permeable structures that could significantly affect inflow into the underground tunnels. However,
they are insufficient for accurately predicting the intersections between structures dipping at high angles
and underground tunnels extending in a vertical direction. To achieve this goal it is necessary to conduct
borehole investigations at the excavation points of the underground facilities.

Distribution of discontinuities intersecting underground tunnels

A crosshole tomography survey for the cross-section close to the underground facilities would be suitable
for predicting the distributions of the faults emerging in the facilities. In this step, not all the surveys
conducted were performed along the same survey lines. In order to accurately predict the distribution of
faults from shallow to deep zones, a combination of crosshole tomography, reflection seismic and
multi-offset VSP surveys should be conducted as far as possible at the same locations (along the same
survey line). In the seismic tomography survey, due to the large distance between the boreholes
(approximately 260 meters), the seismic energy was insufficient for transmission between the boreholes
due to the presence of faults. Therefore, as an alternative, a seismic tomography survey between the ground
surface and the boreholes was conducted, setting the seismic source at the ground surface between the
boreholes. This approach was able to identify discontinuities between the boreholes in the relatively
shallow zone (down to approximately 300 meters in this investigation); data for the deep underground were
difficult to obtain because of the measurement geometry. Since the signals in the crosshole tomography
may not be sufficiently transmitted, depending on the distance between the boreholes and the geological
conditions, it was considered important to prepare several types of seismic sources prior to conducting the
survey. Also, given the investigation costs and the quality control of acquired data, it was considered
necessary to select instrumentation and specifications that are appropriate for the distance between the
boreholes and the geological conditions.
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3.7 Conclusions of stepwise investigations and issues for the construction and operational
phase

The results of the studies relating to the specific aims relevant to safety assessment and design/construction
of the underground facilities are summarized for each investigation step in Sections 3.2 to 3.6. In this
section, the relationship between the type and amount of investigations and the improvement in
understanding or level of uncertainty is reviewed for each of the specific aims.

3.7.1 Geological structure

Improving understanding with the progress of investigations

In conducting the program for determining the 3-D distribution of geological structures, it was important to
characterize the geological structures in and around the MIU Construction Site using stepwise
investigations, by developing geological models and evaluating improvements in understanding as well as
uncertainties, and then proceeding to the next investigation step. Fig. 3.7.1-1 and Fig. 3.7.1-2 illustrate the
evolution of geological models with the progress of investigations in Phase I.

In Step 0, existing literature and the results of investigations conducted for regional-scale and local-scale
areas were analyzed in order to develop a geological conceptual model (Fig. 3.2-8). At the same time, the
geological structures present in the site-scale area were predicted based on the local-scale geological model.
The predicted structures were then checked against existing geological maps and closely examined to
check the consistency of models, any omission of key information and those structures that were unique to
the MIU Construction Site. As the investigation scale was narrowed down to the site scale, the following
were identified as the key geological structures and their continuity was predicted: the formations of the
Mizunami and Seto Groups, the upper highly fractured domain in the upper part of the Toki Granite and
the lower sparsely fractured domain in the Granite. In addition, the Tsukiyoshi Fault (including the highly
fractured zone along the fault) was identified as a major discontinuity. An initial site-scale geological
model was thus developed (see also Section 3.2.1). Of the structures shown in the conceptual model (Fig.
3.2-8), the weathered zone of the Toki Granite could not be included in the geological model because the
spatial distribution in the site-scale area could not be predicted at the time. Since the geological model at
this stage did not include any investigation information on the site-scale area, the depths of the modeled
geological structures were characterized with large uncertainty.

(a) Improvement in understanding from Step 0 to Step 1

In Step 1, geological mapping and reflection seismic surveys were conducted to check consistency with
existing information on the Toki Granite, the Mizunami and Seto Groups, the Tsukiyoshi Fault and the
upper highly fractured domain in the Toki Granite. At the same time, smaller faults not described in
existing geological maps, which were not obtained in Step 0, were identified. The geological mapping in
Step 1 allowed identification of the faults at surface outcrops and, through combination with the reflection
seismic surveys, provided information on the underground distribution of the faults. The faults identified in
this manner were mainly those with NS to NNW strikes, and included fault gouge and fault breccia. Since
the directions of the faults might influence the main flow directions of groundwater (NE to SW: see also
Section 3.2.2), and since fault gouge and fault breccia (containing a large amount of clay that could have a
function) are intercalated along these directions, the faults were assumed to have a significant influence on
groundwater flow. These faults were defined as a priority target for investigation in the next and
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subsequent steps. Compared to Step 0, understanding of the distribution of the faults in the geological
model was improved in Step 1. Meanwhile, the locations of boundaries between formations in the
Mizunami Group, the unconformity between the Toki Granite and the Mizunami Group and the upper
highly fractured domain in the Toki Granite were roughly predicted. However, since data from borehole
investigations that could be used to check the correlation between reflection events on the reflection profile
and actual geological features and their depth were not available at that time, accurate correlation was
difficult to achieve. Consequently, the depth profile of the identified geological structures involved large
uncertainties. Furthermore, with regard to the weathered zone of the Toki Granite, no significant reflection
events were identified on the reflection profile.

(b) Improvement in understanding from Step 1 to Step 2

In Step 2, the depth of the geological structures that were identified previously in Steps 0 and 1 was
determined. More specifically, the reflection events assumed to correspond to the boundaries between the
formations in the Mizunami Group identified by the reflection seismic survey and the unconformity
between the Toki Granite and the Mizunami Group were correlated with the geological distribution
observed in the boreholes. The basal conglomerate in each formation and the distribution of the weathered
zone in the Toki Granite, which could not be determined in Steps 0 and 1, were identified. The existence of
a low-angle fractured zone was also identified in the upper highly fractured domain and its extent was
predicted (see also Section 3.4.1). Faults with EW and NS strikes were identified in addition to those with
a NNW strike identified in Step 1. Fault gouge and fault breccia were observed in these faults and their
properties were found to be consistent with those identified in Step 1 (see also Section 3.3.1). In Step 2, the
distribution of the weathered zone in the Toki Granite included in the conceptual model of Step 0 was
confirmed for the first time. The existence of the low-angle fractured zone located in the upper highly
fractured domain, which had not been determined previously, was identified through investigations in the
existing boreholes. The conceptual model and the geological model were updated based on these findings.

(c) Improvement in understanding from Step 2 to Step 3

In Step 3, the depths of the geological structures characterized up until Steps 2 were confirmed. At the
same time, the geological structures in the deep granite that could not be characterized until Step 2 were
identified. In particular, compared to Step 2, the accuracy of the deeper part of geological model was
significantly improved due to the availability of measured data for the deep granite. More specifically, the
boundaries of the formations in the Mizunami Group, the unconformity between the Toki Granite and the
Mizunami Group and the depth of the low-angle fractured zone were confirmed. The depth of the boundary
between the upper highly fractured domain and the lower sparsely fractured domain was also determined.
Information on hydraulic characteristics, such as properties of flow barrier and hydrogeological continuity,
for the discontinuities confirmed or estimated in Step 2 and proceeding steps was obtained by monitoring
hydraulic responses due to borehole drilling in the shallow boreholes where long-term hydraulic
monitoring systems were installed. Five large-scale faults assumed to intersect the MIU Construction Site
were identified, with strong alteration with chlorite and clay minerals. The NNW trending faults identified
in Steps 1 and 2 were not observed in these investigations. This may be because the fault was displaced by
one of the above-mentioned large faults supposedly having enough displacement to traverse the MIU
Construction Site.
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(d) Improvement in understanding from Step 3 to Step 4

In Step 4, the accuracy of predictions of the geological structures in and around the underground facilities
was improved by crosshole seismic tomography and resistivity tomography surveys for the area between
boreholes MIZ-1 and DH-2 drilled on opposite sides of the planned underground facilities, multi-offset
VSP surveys in deep boreholes (MIZ-1 and DH-15) and reflection seismic surveys along the survey line
close to the deep boreholes. In particular, information on the location of faults in the area surrounding the
underground facilities significantly improved the accuracy of the interpretation compared to the steps prior
to Step 3.

With respect to improving the understanding of the 3-D distribution of geological structures, the accuracy
of the estimated distribution depth of the respective features of the geological structures was improved
stepwise with the progress of investigations. The number of faults identified in the area from the surface to
deep underground increased with the progress of the investigations and knowledge of the trend in
orientation and scale of the faults in the investigation area was accumulated.

Issues for Phase Il and beyond

Information on lineaments that are less likely to be faults was also included in the geological model. The
development of improved modeling techniques for quantifying uncertainties is an issue to be addressed in
the future. This would necessitate the development of a technology for evaluating uncertainties using a
geostatistical method and the formulation of a modeling approach for geological and hydrogeological
structures that is capable of incorporating various types of uncertainty. In areas that have still not been
investigated, the distribution of discontinuities will be simulated using geological and geophysical data
obtained thus far.

In the Phase | investigations, the geological structures assumed to affect groundwater flow, groundwater
chemistry and the local stress regime were identified. A geological model incorporating the spatial
distributions of these structures was then developed in a stepwise manner. In the Phase Il investigations
and beyond, the distributions of modeled geological structures will be reviewed to evaluate the systematic
investigation methodology employed in the Phase | investigations and the accuracy of predicted geological
structures. At the same time, the model will be updated. Geological structures extending into the
underground facilities, particularly discontinuities, will be characterized in terms of their geometry,
structural type and petrological/mineralogical properties in order to construct a geological model on a
block scale.
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3.7.2 Groundwater flow characteristics

Improvement in understanding with the progress of investigations

To establish a technical basis for the investigation and analysis of the characteristics of groundwater flow,
it is important to clarify the relationship between the number of investigations and the associated
improvement in understanding or uncertainties. It is also essential to specify key factors to be characterized
in subsequent steps. In Phase 1, in order to address these issues, the following efforts were made based on
the results obtained in the respective investigation steps: first, a hydrogeological model was constructed
based on the geological model and groundwater flow analyses were conducted using the model; key
factors that are likely to influence the groundwater flow characteristics were then identified. The results
obtained in this manner were reflected in the subsequent investigations.

The results from Step 0 indicated that faults would have an impact on the groundwater flow characteristics
as well as on the hydrochemistry of groundwater and the volume of inflow into the underground facilities
(see also Sections 3.2.2, 3.2.3 and 3.2.7). In particular, the significant effect of the Tsukiyoshi Fault, which
has an anisotropic hydraulic conductivity, was confirmed (see also Section 3.2.2). Investigating hydraulic
characteristics such as hydraulic conductivity and anisotropic hydraulic conductivity for all faults whose
existence was confirmed or predicted by the geological investigations was not practical due to restrictions
such as investigation costs, time and the disturbance caused by borehole drilling. Therefore, on the
groundwater flow analyses, sensitivity analyses were conducted iteratively in each step with the focus on
the anisotropic hydraulic conductivity, in order to identify faults presumed to have a significant influence
on the groundwater flow characteristics. When evaluating the improvement in the understanding of
groundwater flow characteristics with the progress of investigations, the following criteria were defined
based on the results of the above-mentioned sensitivity analyses from the standpoint of the groundwater
flow characterization prior to the excavation of the underground facilities, and in view of the hydraulic
characteristics that might not have been identified in each of the steps:

- Number of cases in the sensitivity analyses;

- Variation in the hydraulic head distribution among the different cases in the sensitivity analyses;
and

- Reproducibility of hydraulic head distribution measured in the boreholes.

Reduction in the number of cases of the sensitivity analysis cases that needed to be analyzed taking into
account the number of unknown parameters indicated that, of the faults which influence the groundwater
flow characteristics, the number of faults whose hydraulic characteristics could be identified or predicted
increased. Reduced variation in the distribution of hydraulic head between the sensitivity analysis cases
can be interpreted as a result of having identified or predicted the hydraulic characteristics with a
particularly significant effect on groundwater flow. Finally, the improvement in the reproducibility of
measured values for hydraulic head distribution in the boreholes points to an improvement of the reliability
of the results of groundwater flow simulations. All of the above indicate that the understanding of the
spatial variability of hydraulic gradient and hydraulic properties of rocks was improved.

For each investigation step in Phase I, Fig. 3.7.2-1 shows the hydrogeological models and an example of
the distribution of the hydraulic head calculated based on the results of the groundwater flow analyses. Fig.
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3.7.2-2 shows the square root of the deviation of the measured and modeled hydraulic head in each step. It
should be noted that the hydrogeological models and the hydraulic head shown in Fig. 3.7.2-1 are from the
analytical case that provided the best fit to the measurements (i.e. with the smallest square root of the
deviation in Fig. 3.7.2-2) of all the sensitivity analysis cases conducted in each step. The improvement in
understanding with the progress of investigation steps is summarized below.

(a) Improvement from Step 0to Step 1

Step 0 is the one based on existing information. Therefore, only the Tsukiyoshi Fault and lineaments with a
continuity of 3 km or more, which had been identified as faults by the local-scale investigations, were
included in the hydrological model (Fig.3.7.2-1). It was known that the Tsukiyoshi Fault has an anisotropic
hydraulic conductivity (see also Section 3.2.2). For lineaments with trace length over 3 km, assuming
that the hydraulic characteristics would be similar to those of the Tsukiyoshi Fault (which has an
equivalent scale), an anisotropic hydraulic conductivity was defined. Therefore, no sensitivity analysis was
conducted in Step 0 (Table 3.7.2-1).

The results of groundwater flow analyses conducted in Step 0 confirmed that faults have a significant
influence on the groundwater flow characteristics, indicating the importance of determining their
distribution and geometry (Fig. 3.7.2-3). Therefore, interpretation of lineaments, geological mapping and
reflection seismic surveys were conducted in Step 1. Based on the results of the investigations, 13
additional faults were included in the hydrogeological model and the depth profile of each formation
boundary was updated (Fig. 3.7.2-1). Since the hydraulic characteristics had not been determined for these
faults, 32 sensitivity analysis cases were conducted (Table 3.7.2-2).

Fig. 3.7.2-2 indicates that the reproducibility of the measured hydraulic heads by the model was
significantly lower when the number of analytical cases was increased from Step 0 to Step 1. It seems that
the understanding of the groundwater flow characteristics had decreased as the investigations proceeded to
Step 1. However, investigations on the site scale were not conducted in Step 0 and geological structures
such as discontinuities that have an impact on the distribution of the hydraulic gradient were hardly
identified, i.e. Step O involved a number of "undetected uncertainties." In contrast, the existence of
discontinuities was predicted or identified by the ground exploration and they were included in the
hydrogeological model in Step 1. However, the certainty of their existence and distribution range and their
hydraulic characteristics were not determined in this step, i.e. Step 1 involved a number of "detectable
uncertainties with unknown quantity and quality." The uncertainties in Steps 0 and 1 are thus completely
different in nature. The investigations in Step 1 were important as initial investigations for identifying key
geological features to be investigated in the subsequent phases, as well as for determining their distribution
ranges and hydraulic characteristics. In order to improve the understanding of groundwater flow
characteristics, it will be important to identify geological features that may have an influence on the
distribution of hydraulic gradient before investigating the distribution of these features and their hydraulic
characteristics.

The results of the sensitivity analyses conducted in Step 1 indicated that NNW and NE trending faults have

a significant influence on the groundwater flow-field at the MIU Construction Site (Fig. 3.7.2-4). Based on
this finding, evaluation of the distribution, geometry and hydraulic characteristics of faults with these
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strikes was deemed to be essential for investigations in subsequent phases. Therefore, determining the
geometry and hydraulic characteristics of the NNW trending faults intersecting the MIU Construction Site
was set as one of the goals in planning the shallow borehole investigation program in Step 2. Geological
and hydrogeological investigations for determining the distribution, geometry and hydraulic characteristics
of discontinuities such as faults were conducted again in the existing boreholes.

(b) Improvement from Step 1 to Step 2

In Step 2, based on the results of the investigations in shallow and existing boreholes, a low-angle fractured
zone in the upper highly fractured domain of the Toki Granite was additionally included in the
hydrogeological model. Information on the depth profile of the boundaries of other faults and the geometry
and hydraulic characteristics of the NNW and EW trending faults was also obtained and included in the
model (Fig. 3.7.2-1). In Step 2, 12 sensitivity analysis cases were performed (Table 3.7.2-3).

Fig. 3.7.2-2 shows that the number of simulations decreased by a factor of three in Step 2 compared to Step
1 as the understanding of the spatial variability of hydraulic properties of rocks was improved. In detail,
the hydraulic conductivities of the faults hydraulically characterized in basement granite were fixed based
on the borehole investigations. Also the revised geological model resulted in the number of different fault
groups being decreased. The improvement was derived from the 3-D distribution and hydraulic
characteristics of the faults deep underground obtained in Step 2. Thus, borehole investigations capable of
directly acquiring such information were effective in reducing the uncertainties regarding the spatial
variability of hydraulic properties of rocks, where the number of simulation runs is used an indicator of the
uncertainty on the model parameters. A significant improvement in the fit of the calculated heads to the
measured values was also observed in some analytical cases and the variation in the hydraulic head
distribution among the analytical cases increased. These results indicated that the anisotropy of the fault
hydraulic conductivity, which has a significant influence on the groundwater flow-field in and around the
MIU Construction Site, had not been determined. Therefore, the understanding of spatial variability of
hydraulic gradient and hydraulic properties of rocks may be improved by identifying the anisotropic
hydraulic conductivity of such faults.

The results of sensitivity analyses conducted in Step 2 showed that faults with NNW, NW and EW strikes
have a significant influence on the groundwater flow-field at the MIU Construction Site (Fig. 3.7.2-5).
Based on this finding, evaluating the distribution, geometry and hydraulic characteristics of faults with
these strikes was essential for investigations in the subsequent phases and was set as one of the goals in
planning the deep borehole investigation program in Step 3.

(c) Improvement from Step 2 to Step 3

In Step 3, information on the depth profile of the boundaries of geological formations and the geometry
and hydraulic characteristics of faults with NNW, NW and EW strikes was obtained based on the results of
deep borehole investigations and the information was included in the hydrogeological model (Fig. 3.7.2-1).
8 sensitivity analysis cases were analyzed (Table 3.7.2-4).

Fig. 3.7.2-2 and Fig. 3.7.2-6 show that in this step the number of analytical cases and the variation in the
hydraulic head distribution among the cases was decreased compared to Step 2; the discrepancy between
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measured and calculated heads was reduced to approximately 15 m. This indicates that the understanding
of spatial variability of hydraulic gradient and hydraulic properties of rocks had significantly improved.
The improved understanding can be attributed mainly to: (1) an increase in the amount of information
obtained by borehole investigations for the faults identified as important features in Step 2 and (2) the fact
that the hydraulic characteristics of most faults with NNW and EW strikes (of the faults estimated in Step 2
to have a significant influence on groundwater flow in and around the MIU Construction Site) were
predicted based on the results of monitoring of hydraulic responses due to borehole drilling in long-term
hydraulic monitoring systems in the shallow boreholes drilled in Step 2 and the existing boreholes. Any
fault identified as lying between hydraulically connected boreholes was excluded as a potential barrier.

The results of the sensitivity analyses conducted in Step 3 indicated that an approach combining
investigations in new boreholes and monitoring of hydraulic responses due to borehole drilling in existing
boreholes is effective for reducing the uncertainties associated with hydraulic conductivity distribution.
Therefore, the estimation of hydrogeological structures in and around the MIU Construction Site and the
acquisition of information on their hydraulic characteristics and connectivity using several boreholes in
and around the MIU Construction Site are important. For this purpose, for planning the crosshole hydraulic
tests conducted in Step 4, pumping and monitoring boreholes were selected taking into account the
distribution and geometry of NNW and EW trending faults, which are the main faults intersecting the MIU
Construction Site, so that hydraulic characteristics of these faults, e.g. connectivity, could be determined
based on the response of groundwater pressures during the crosshole hydraulic tests as input to the
groundwater flow analyses.

(d) Improvement from Step 3 to Step 4

In Step 4, information on the depth profiles of the boundaries of the geological formations and the
geometry of faults located in the vicinity of the MIU Construction Site were obtained based on the results
of crosshole investigations. The reinterpretation of the distribution and geometry of faults, including the
geological information obtained from Steps 1 to 3, resulted in a considerable revision of the
hydrogeological model. With the aim of constructing a more detailed model, a basal conglomerate was
included in the model as an additional hydrogeological structure located at the base of the Akeyo/Hongo
Formation and the Toki Lignite-bearing Formation in the Mizunami Group. Groundwater flow analyses
were conducted based on the data on the transient groundwater pressures change obtained from the
crosshole hydraulic tests. The hydrogeological model was calibrated and the presence of anisotropic
hydraulic conductivity in the faults was determined (Fig. 3.7.2-1). In this step, two sensitivity analysis
cases were analyzed (Table 3.7.2-5).

Fig. 3.7.2-2 shows that the number of analytical cases was decreased by 25% in Step 4 compared to that in
Step 3, whereas the discrepancy between measured and calculated heads was reduced to approximately 5
m. The uncertainties regarding the distribution of the hydraulic conductivity were thus significantly
reduced; furthermore, the hydraulic head distributions obtained from the two analytical cases were similar
(Fig. 3.7.2-7). The improvement is considered to be due to the fact that the hydraulic characteristics of
many of the faults were predicted by calibration of the hydrogeological model using the data on the
transient groundwater pressures change obtained by the crosshole hydraulic tests. These data served to
identify the temporal changes in groundwater flow in and around the test site and allowed: (1) estimation
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of hydrogeological structures in and around the test site based on the hydraulic response in the monitoring
boreholes and (2) estimation of the distribution, geometry and hydraulic characteristics of geological
structures based on the transient groundwater flow analysis. This indicates the importance of hydraulic
monitoring that allows acquisition of data on transient groundwater pressures change induced by the
excavation of the underground facilities in Phase Il. This excavation can be regarded as a large-scale
crosshole hydraulic test and through the long-term hydraulic monitoring, the understanding of the spatial
variability of hydraulic gradient and hydraulic properties of rocks is expected to be significantly improved.

(e) Summary

Investigations were conducted in each step of Phase | adopting an iterative approach, resulting in stepwise
improvement in the understanding of the spatial variability of hydraulic gradient and hydraulic properties
of rocks with the progress of the investigations. Collaboration with geology experts was essential because
the hydrogeological model depends significantly on the geological model. Combining the iterative
approach with enhanced interaction with other disciplines such as geology and geochemistry is therefore a
very effective way of also improving the understanding of groundwater flow characteristics.

Issues for Phase Il and beyond

One of the issues for the next phase and beyond is testing and revision of the site-scale hydrogeological
model by measuring the inflow rate of water from the shaft walls associated with the excavation of the
underground facilities and by observing the response of groundwater pressures through long-term
hydraulic monitoring. Since the inflow rate of the water from the shaft wall is strongly influenced by the
skin effect (hydraulic influence such as reduction of permeability due to engineered structures and grout or
increase due to EDZ - see also Sections 3.4.6, 3.5.7 and 3.6.4), information on these impacts on the inflow
rate should be acquired. Furthermore, the interpretation and reproduction of the head distributions in
formations deeper than the Akeyo/Hongo Formation in the Mizunami Group, which was not resolved in
Phase | (see also Section 3.6.2), would also be an issue to be addressed in Phase 1l and beyond. Although
the macroscopic hydraulic characteristics of the rocks and major faults were determined mainly by the
borehole investigations, long-term hydraulic monitoring (using the boreholes) and crosshole hydraulic tests
conducted in Phase I, the hydrogeological heterogeneity, which is considered important from the viewpoint
of retardation in solute transport, was not resolved. In order to evaluate the heterogeneity of rock caused by
the presence of discontinuities such as fractures in and around the underground facilities, as well as the one
relating to the discontinuities themselves, it will be necessary to develop a hydrogeological model covering
an area of several tens to several hundreds of meters around the underground facilities and to conduct
groundwater flow analyses for this area.
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Table 3.7.2-1 Hydraulic conductivity of faults in Step 0 (Log [k (m s-1)])

Case ID base
Fault c | P
Main part of Tsukiyoshi fault -11.0
Lineament with length more
than 3km 1101 -52
C : Normal to Fault, P : Parallel to Fault

: fault with hydraulic anisotropy

0 : MIU construction site

Head (m)
= B = | E—
280 260 240 220 200 180 160

1km

(@) Case ID : Base
Fig. 3.7.2-3 Head distribution in Step 0 (Elevation -300 m : Depth of the shaft 500 m)

Table 3.7.2-2 Sensitivity analysis cases focused on hydraulic anisotropy of faults
in Step 1 (Log k [m s™])

Case D]  base NS 6 NE 6 NNW 6 EW 6 NW 6 | NS NE 6 |NS NNW 6
Fault clpP clvp clvp clep clep cl P clp cl p
Main part of Tsukiyoshi fault | -11.0 110 11.0 11.0 110 11.0 110 110
bﬁgia;(';mwnh tength more | 110 | 5.2 [-11.0| 5.2 |-12.0 | 5.2 |-11.0| 5.2 |-120 | 52 |-110| 52 |-120 | 52 |-110] 52
NNW trending fault 11.0| 6.4 |-11.0]| 6.4 |-11.0] 6.4 | 6.4 | 6.4 |-11.0] 6.4 |-11.0] 6.4 |-11.0| 6.4 | 6.4 | -6.4
NW trending fault 11.0| 6.4 |-11.0] 6.4 |-11.0] 6.4 |-11.0| 6.4 [-11.0]| 6.4 | 6.4 | 6.4 |-11.0] 6.4 |-11.0] -6.4
NE trending fault 11.0| 6.4 [-11.0] 6.4 | 6.4 | 6.4 |-11.0| 6.4 [-11.0] 6.4 |-11.0] 6.4 | 6.4 | 6.4 [-11.0] -6.4
EW trending fault 11.0] 6.4 |-11.0] 6.4 |-11.0] -6.4 |-11.0] 6.4 | 6.4 | -6.4 |-11.0| 6.4 |-11.0| -6.4 |-11.0 | -6.4
NS trending fault 11.0| 6.4 | 6.4 | 6.4 |-11.0] 6.4 |-11.0| 6.4 |-11.0]| -6.4 |-11.0| 6.4 | -6.4 | 6.4 | 6.4 | -6.4
Case D] NS EW 6 | NS NW6 |NE NNW 6] NE EW6 | NE NW6 | NNW_EW6 | NNW_NW6] EW NW6
Fault cl P clvp clvp clep clep cl P clp clrp
Main part of Tsukiyoshi fault | -11.0 110 11.0 11.0 110 11.0 11.0 11.0
Egiaar?(;mw'th length more | 116 .52 [-11.0| 52 |-12.0| 5.2 |-12.0 | 5.2 |-120| 5.2 |-120 -52 |-12.0]| -52 |-11.0] -5.2
NNW trending fault 11.0| 6.4 |-11.0]| 6.4 | 6.4 | 6.4 |-11.0] 6.4 |-11.0]| 64 | 6.4 | 64 | 6.4 | 6.4 |-11.0] -6.4
NW trending fault 11.0| 6.4 | 6.4 | 6.4 |-11.0] 6.4 |-11.0| 6.4 | 6.4 | 6.4 |-11.0] 6.4 | 6.4 | 6.4 | 6.4 | -6.4
NE trending fault 11.0| 6.4 [-11.0] 6.4 | 6.4 | 6.4 | 64 | 6.4 | 6.4 | 6.4 [-11.0] 6.4 |-11.0] 6.4 [-11.0] -6.4
EW trending fault 6.4 | 6.4 |-11.0] 6.4 |-11.0] 6.4 | 6.4 | 6.4 |-11.0]| -6.4 | 6.4 | 6.4 |-11.0] -6.4 | 6.4 | -6.4
NS trending fault 6.4 | 6.4 | 64 | 6.4 [-11.0] 6.4 |-11.0] 6.4 |-11.0] -6.4 |-11.0| 6.4 |-11.0 | -6.4 |-1L.0 | -6.4
Case ID| EW_NWIL [NNW_NW_LINNW EW 1] NE_NW _11] NE_EW 1L ]NE_NNW 11 NS_NW 11] NS_EW 11
Fault clrp clrp clrp clrp cl P clrp clp clp
Main part of Tsukiyoshi fault -11.0 -11.0 -11.0 -11.0 -11.0 -11.0 -11.0 -11.0
L‘Agiasrr(;"tw"h lengthmore | 1161 .52 |-12.0] 52 [-120| 5.2 |-12.0] -5.2 |-120| 52 |-120| 5.2 |-12.0| -5.2 |-12.0| 5.2
NNW trending fault 6.4 | 6.4 |-11.0]| 6.4 |-11.0] 6.4 | 6.4 | 6.4 | 6.4 | -64 |-11.0] 6.4 | -6.4 | -6.4 | 6.4 | -6.4
NW trending fault 11.0| 6.4 |-11.0]| 6.4 | 6.4 | 6.4 |-11.0| 6.4 | 6.4 | 6.4 | 6.4 | 6.4 |-11.0] -6.4 | 6.4 | -6.4
NE trending fault 6.4 | 64| 64| 64 | 64|64 |-11.0] 6.4 |-11.0] -6.4 |-11.0| 6.4 | -6.4 | 6.4 | 6.4 | -6.4
EW trending fault 11.0| 6.4 | 6.4 | 6.4 [-11.0] 6.4 | 6.4 | 6.4 |-11.0] 6.4 | 6.4 | 6.4 | 6.4 | 6.4 |-11.0] -6.4
NS trending fault 6.4 | 64 ] 64| 64| 64|64 |64 ] 64]64]-64]64]64]-11.0]-64 |-1L0] -6.4
Case ID|NS_NNW _11] NS NE 11] NS 11 NE 11 NNW 11 | EW 11 NW_11 A6
Fault clp clep clp clvp clp cl P clp clrp
Main part of Tsukiyoshi fault | -11.0 11.0 11.0 11.0 110 11.0 110 110
pheament Wi lengih more 1110 | 52 [-110| 52 |110 | 52 |-110| 52 [-110| 52 |110| 52 |-100| 52 |-110] 52
NNW trending fault 11.0| 6.4 | 6.4 | 6.4 | 6.4 | 64 | 6.4 | 6.4 [-11.0] 64 | 6.4 | 64 | 64 | 6.4 | 64 | 64
NW trending fault 6.4 | 6.4 | 64 | 64 | 64 | 64 | 64 | 64| 64| 64| 64| 64 |-11.0] 6.4 | 64 | 6.4
NE trending fault 6.4 | 6.4 |-11.0] 6.4 | 6.4 | 6.4 |-11.0] 6.4 | 6.4 | 6.4 | 6.4 | 6.4 | 6.4 | 6.4 | 6.4 | -6.4
EW trending fault 6.4 | 64 | 64| 64 | 64| 64 | 64| 64| 64|64 |-11.0] 64 | 64 | 6.4 | 6.4 | -6.4
NS trending fault 11.0| 6.4 |-11.0] 6.4 |-11.0] 6.4 | 6.4 | 6.4 | 6.4 | 64 | 6.4 | 64 | 64 | 6.4 | 64 | 6.4

C : Normal to Fault, P : Parallel to Fault
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(e) Case ID: EW_6
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Fig. 3.7.2-4 Example of a sensitivity analysis focused on hydraulic anisotropy of faults in Step 1
(Elevation -300 m : Depth of the shaft 500 m)

Table 3.7.2-3 Sensitivity analysis cases focused on hydraulic anisotropy of faults
in Step 2 (Log k [m s™])

Case ID Base NE_high NNW_high NW_high NE_NNW_high NE_NW_high
Fault c [ P c [ P c | P c [ P c | p c | P
Main part of Tsukiyoshi fault -11.0 -11.0 -11.0 -11.0 -11.0 -11.0
:_r:r;iaslﬂfnm withlength more | ;16 | 55 | 110 | -52 | -1120 | 52 | 110 | 52 | 110 | 52 | 110 | 52
NNW trending fault -11.0 -4.9 -11.0 -4.9 -4.9 -11.0 -4.9 -4.9 -11.0 -4.9
NW trending fault 110 | 64 | -110 | 64 | -110 | -64 6.4 110 | 6.4 6.4
NE trending fault 110 | -6.4 6.4 110 | 64 | 120 | 64 6.4 6.4
EW trending fault -4.0 4.0 -4.0 4.0 4.0 -4.0

Case ID| NE_high_anEW | NNW_high_anEW [ NW_high_anEW | NE_NNW_high_anEW | NE_NW_high_anEW All_aniso
Fault c [ » c [ r c [ r c [ » C P C P
Main part of Tsukiyoshi fault -11.0 -11.0 -11.0 -11.0 -11.0 -11.0
;;‘ia;‘:n"t withlengthmore 1, o [ 55 [ 410 | 2 | a0 | 52 | 210 | 52 | 110 | 52 | -120 | 52
NNW trending fault 11.0 | 49 4.9 110 | 49 49 11.0 | 49 [ -110 | -49
NW trending fault 110 | 64 | 110 | 64 6.4 110 | 6.4 6.4 110 | 64
NE trending fault -6.4 -11.0 -6.4 -11.0 -6.4 -6.4 -6.4 -11.0 -6.4
EW trending fault 110 | 40 [ 110 | 40 [ -110 ] 40 | 120 ]| 40 | 120 | 40 [ 110 [ -40
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(a) Case ID : All_aniso (b) Case ID : NE_high (c) Case ID : NNW_high

: Fault with hydraulic anisotropy
"+ Fault with hydraulic isotropy

: MIU construction site

1" % : Large difference in head
distribution

Head (m)

280 260 240 220 200 180 160
(d) Case ID : NW_high (e) Case ID : Base 1km

Fig. 3.7.2-5 Example of a sensitivity analysis focused on hydraulic anisotropy of faults in Step 2
(Elevation -300 m : Depth of the shaft 500 m)

Table 3.7.2-4 Sensitivity analysis cases focused on hydraulic anisotropy of faults
in Step 3 (Log k [m s™))

Case ID Base NNW _high NW _high NE_high
Fault c [ P c [ P c [ P c | P
Main part of Tsukiyoshi fault -11.0 -11.0 -11.0 -11.0
Lineament with length more | 1 o | 55 | .110 | -52 |-12.0 | 52 |-110 | 52
than 3km
-11.0 [ -5.3 -5.3 -11.0 | 53 [-110 [ -5.3
. 4.7 4.7 4.7 4.7
NNW trending fault 110 ] 51 ]| -12.0 ] 51 | -11.0 | 5.1 | -11.0 | 5.1
5.1 5.1 5.1 5.1
NW trending fault -11.0 [ -8.0 [-11.0 [ -8.0 -8.0 -11.0 | -8.0
NE trending fault -11.0 | -39 J-110] -39 |-110 | -3.9 -3.9
5.1 5.1 5.1 5.1
EW trending fault -5.0 -5.0 -5.0 -5.0
-4.2 -4.2 -4.2 4.2
Case ID [NNW_NW _high] NNW_NE_high| NW_NE_high All_high
Fault c | p c | p c | p c | P
Main part of Tsukiyoshi fault -11.0 -11.0 -11.0 -11.0
Lineament with length more | 114 | 52 |-120 | -5.2 |-12.0 | 52 |-110 | 52
than 3km
-5.3 5.3 -11.0 | -5.3 5.3
) 47 47 4.7 47
NNW trending fault 110 | 5.1 | 110 | 51 | 120 | 51 | -11.0 | 5.1
5.1 5.1 5.1 5.1
NW trending fault -8.0 -11.0 | -8.0 -8.0 -8.0
NE trending fault -11.0 | -3.9 -3.9 -3.9 -3.9
5.1 5.1 5.1 5.1
EW trending fault -5.0 -5.0 -5.0 -5.0
4.2 4.2 4.2 4.2

C : Normal to Fault, P : Parallel to Fault
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: Fault with hydraulic anisotropy

(a) Case ID : Base

~": Fault with hydraulic isotropy

: MIU construction site

: Large difference in head
distribution

rommmnvanAnLALL1|

Head (m)

240 220 200 180 160

(c) Case ID : NW_high (d) Case ID : NE_high

Fig. 3.7.2-6 Example of a sensitivity analysis focused on hydraulic anisotropy of faults in Step 3
(Elevation -300 m : Depth of the shaft 500 m)

Table 3.7.2-5 Sensitivity analysis cases focused on hydraulic anisotropy of faults
in Step 4 (Log k [m s™])

Case ID Casel Case2
Fault c | P c |l P
Main part of Tsukiyoshi fault -11.0 -11.0
Lineament with length more 110l 52 |-110! 52
than 3km
-11.0] -7.3 |-11.0| -7.3
. -5.9 -5.9
NNW trending fault 20 20
-6.1 -11.0 | -6.1
-7.7 -7.7
. -11.0 [ -8.7 [-11.0] -8.7
NW trending fault 9.0 9.0
-11.0 [ -8.7 [-11.0] -8.7
-6.2 -6.2
NE trending fault -11.0| -4.2 |-11.0] -4.2
-11.0] -5.2 |-11.0| -5.2
. 5.1 -5.1
EW trending fault 9 )

C : Normal to Fault, P : Parallel to Fault
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(a) Case ID : Casel (b) Case ID : Case2
1km
: fault with hydraulic anisotropy
.~ fault with hydraulic isotropy | . ead(m

280 260 240 220 200 180 160

0 : MIU construction site

Fig. 3.7.2-7 Sensitivity analysis cases focused on hydraulic anisotropy of faults in Step 4
(Elevation -300 m : Depth of the shaft 500 m)

3.7.3 Geochemical characteristics of groundwater

Improvement in understanding with the progress of investigations

Studies regarding the 3-D distribution of salinity, groundwater pH value and redox conditions allow
identification of aquifers with different geochemistry of groundwater, as well as an evaluation of the
geochemical characteristics of groundwater in each aquifer. Since the spatial distribution of groundwaters
with different chemistries is assumed to relate to the geological structures and groundwater flow conditions,
comparison of the spatial distribution with the investigation results on geological structures and
groundwater flow characteristics obtained in each step allows the relationship between them to be verified.

In Step 0, 3-D distributions of groundwater chemistry, groundwater pH value and redox conditions were
predicted based on the borehole investigations conducted in the RHS (included in the present report as
existing information), and literature information on mineral and hot springs (Fig. 3.7.3-1). The literature
information served only to qualitatively estimate the groundwater chemistry because the sampling method,
depth of sampling, sampling date and time between drilling and sampling, as well as the total volume of
groundwater pumped before the acquisition of data, were not specified. In this step, it was possible to state
that mainly two types of groundwater were present in the local-scale area encompassing the site-scale area.
The Tsukiyoshi Fault, functioning as a flow barrier, occurs between the areas where these groundwaters are
present, implying that the distribution of groundwater chemistry is affected by large-scale geological
structures such as faults. The groundwater chemistry for the site-scale area was roughly determined in this
step, as were the distribution of geochemical characteristics of groundwater and the relationship between
groundwater chemistry and the hydrogeology in the local-scale area. However, due to lack of information
on groundwater chemistry in the sedimentary rock formations in the site-scale area, its relationship to the
hydrogeology could not be specified.
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In Step 2, the groundwater chemistry in the sedimentary rock formations and its relationship with
hydrogeology, which were not specified in Step 0, were determined. In the sedimentary rock formations
present in the site-scale area, the hydrochemistry differed above and below the low permeable formation in
the Mizunami Group. An isotope analysis (tritium) indicated the possibility that relatively fast recharge is
occurring in the area shallower than the low permeable formation over a timescale of several to several
tens of years. The analysis also suggested that the groundwater residence time in the area deeper than the
low permeable formation is larger than in the shallower zone (see also Section 3.4.3). As a result, the
relationship between the low permeable formation and the distribution of groundwater chemistry was
clarified, in addition to the relationship between the faults and the distribution of groundwater chemistry
which had been elucidated in Step 0. It was also found that the distribution of groundwater chemistry
depends directly on the permeability and spatial distribution of geological structures. Such information
would be essential for predicting possible disturbances of groundwater flow and groundwater geochemical
characteristics in and around the underground facilities associated with the excavation activities in Phase Il
and beyond. The impact caused by the excavation of the underground facilities in sedimentary rock is
expected to differ between the two sides of the low permeable formation based on the recharge rates, the
volume of inflow during the excavation of the underground facilities, the permeability and so forth.
Therefore, the excavation of the underground facilities should be planned so as to minimize the
disturbances on groundwater environment taking into account their impact.

In Step 3, the groundwater chemistry and its distribution in the granite in the deep formations in the
site-scale area predicted by the investigations and analyses in the preceding steps was confirmed (Fig.
3.7.3-1). At the same time, the hydrochemical model for the local-scale area was updated. Thus, a model
representing the undisturbed initial state in the site-scale area prior to the excavation of the underground
facilities was constructed. The depth profile of salinity was reproduced by repeating the procedure from
data acquisition to model revision. The model constructed in this step will serve as the basis for the
prediction of possible hydrogeological and hydrochemical changes due to the excavation of the
underground facilities in Phase Il and beyond (see also Section 3.8.3).

Issues for Phase Il and beyond

Based on the above results, the following can be identified as issues for Phase Il and beyond:

- Testing of the hydrochemical model constructed based on the investigations in Phase | and the
hydrochemical changes predicted based on the model through comparison with the results of chemical
analyses of groundwater sampled in the underground facilities and of the monitoring of changes of
groundwater chemistry due to the excavation of the underground facilities.

- Identification of the general processes and mechanisms involved in the changes in the hydrochemical and
hydrogeological environments in and around the underground facilities, which may be induced by the
facilities during their construction and operation, in order to clarify the capability of the geological
environment to recover from human-induced hydrochemical disturbances, as well as for developing
methods for predicting the time required for recovery and steady-state conditions after recovery. These
techniques are indispensable for predicting recovery to a steady-state after the closure of a repository and
the differences between this new steady-state and that before the excavation of the underground facilities.
They will be extremely important for evaluating the uncertainties in various parameters used for the safety
assessment and ensuring the reliability of the long-term safety assessment technology.
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(a) Estimated distribution of groundwater chemistry after Step 0
Fig. 3.7.3-1 Step-wise understanding of groundwater chemistry around the MIU construction
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(b) Estimated distribution of groundwater chemistry after Step 4
Fig. 3.7.3-1 Step-wise understanding of groundwater chemistry around the MIU construction
(Continued)
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3.7.4 Transport/retardation of nuclides

Improvement in understanding with the progress of investigations

Improvement in the understanding of solute transport and retardation effects, and issues for Phase Il and
beyond were evaluated based on the results obtained in two steps (Steps 0 and 3) in which data could be
acquired.

(a) Sorption capacity and diffusivity of rock matrix and of transport pathways

The validity of the sorption and diffusion coefficients estimated based on the JNC-SDB sorption
database”? and the data on the Kurihashi Granodiorite in the Kamaishi mine were checked by evaluating
the values and petrological and mineralogical data obtained in Step 3. The sorption coefficients for Cs and
Sr in the Toki Granite matrix and discontinuities were lower than those estimated in Step 0. In addition,
groundwater with a high Na-Cl concentration was found to be distributed in the MIU Construction Site.
Therefore, the sorption coefficients were set to lower values than those estimated based on the existing
information.

(b) Geometry of transport pathways; depth of diffusion-accessible rock matrix

The solute transport field in the Toki Granite was characterized using data on the distribution of the
uranium series nuclides (***U, #*Th and ?°Th) present in the vicinity of water conducting fractures, in
addition to data on pore structures. The values and ranges for the geological structures and pore structures
in the solute transport field in the Mizunami Group and the Toki Granite were estimated based on the
results of Step 3, which served to reduce uncertainties. However, since the condition of the cores was
different from the in-situ conditions because the cores are subjected to geophysical disturbances associated
with the drilling, sampling and investigation®?, the data obtained from the cores should be treated as
information to be used to understand generic properties and features of the solute transport field.

(c) Effect of colloid/organics/microbes on nuclide transport/retardation

The chemical characteristics of colloids, organic matters and microbes in the groundwater in the Toki
Granite could not be determined because it was difficult to acquire suitable data for the following reasons.
Firstly, there was no relevant existing information available from Step 0. Secondly, the contamination of
the groundwater samples collected during the deep borehole investigations by the drilling fluid in Step 3
reached several to several tens of percent, which was too high to carry out a detailed survey.

Issues for Phase Il and beyond

In the Phase I investigations, solute transport and retardation in the Mizunami Group and the Toki Granite,
particularly the major mechanisms of solute transport and retardation such as sorption and matrix diffusion,
were roughly characterized and evaluated based mainly on the existing information and laboratory tests
using cores. However, in order to further reduce the uncertainties in these results, data on sorption and
diffusion properties in rock and on the solute transport field in the actual geological environment should be
obtained by in-situ tests. For the evaluation of effect of colloid, organics and microbes on nuclide
transport/retardation, groundwater samples with extremely low drilling fluid contamination, representing
the in-situ conditions underground, should be collected. For this purpose, a long-term water sampling
survey using the monitoring holes drilled in the underground facilities would be required. However, since
it is assumed that significant hydrogeological and geochemical disturbances will occur in the area in and
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around the underground facilities to be excavated in Phase I, the area cannot be considered appropriate for
in-situ solute transport tests or long-term water sampling survey. Therefore, the development of suitable
investigation techniques to be used in Phase 111 would be the focus for the investigations in Phase Il. At the
same time, a more efficient investigation program should be promoted through collaborative research with
URLSs in other countries.

3.7.5 Dilution of nuclides

Improvement in understanding with the progress of investigations

As described in Section 3.2.5, the spatial distribution of groundwater flux has to be determined for
evaluating the dilution effect by the groundwater. In order to determine the flux distribution, the areas of
aquifers and the distribution of flow velocity in the aquifers are needed to be determined. However, the
area of the aquifer would be difficult to reconstruct because of its spatial heterogeneity. Therefore, in Phase
I, a geological structure that was assumed to be an aquifer was identified in advance based on the
geological/hydrogeological model constructed in each step by using the distribution size of the aquifer. The
frequency distribution of the Darcy velocity was then calculated based on the results of groundwater flow
analyses, thereby determining the dilution effect of the aquifer. As a result, calculated Darcy velocity
distributions in each hydrogeological unit are different. The Darcy velocity distribution was expected to
serve as an indicator for determining the dilution effect of the aquifer. Also, the distribution of Darcy
velocity showed a different trend with the progress of investigations, even in the same hydogeological unit.

Based on the above, the following were defined as the indicators for determining changes in the
distribution trend of Darcy velocity calculated for each hydrogeological unit in each step with the progress
of investigations.

- Average Darcy velocity
- Standard deviation of Darcy velocity
- Variation in the average value and standard deviation of Darcy velocity

Fig. 3.7.5-1 illustrates the evolution of the average value and standard deviation of the frequency
distribution of the Darcy velocity with the progress of investigations for the main hydrogeological units in
the hydrogeological models developed from Step 0 through Step 4. Of the hydrogeological units in the
Toki Granite, the lower sparsely fractured domain with a relatively low hydraulic conductivity (average
value for Darcy velocity 7.9 x 10™%to 3.2 x 10™ m s™) was used as the reference for evaluating the
dilution effect in other hydrogeological units. The standard deviation and the variation in the standard
deviation and average value for Darcy velocity distribution in the lower sparsely fractured domain were
judged to be suitable as the reference for evaluation because they were smaller compared to those in other
hydrogeological units. The following summarizes the outline of the stepwise process (Fig. 3.7.5-1) of
taking into account the mainly hydrogeological units into the hydrogeological model.

(a) Oidawara Formation

The average value for Darcy velocity distribution in the Oidawara Formation was in the range of 3.2 x
10" to 1.6 x 10™ m s™, which is lower than that of the lower sparsely fractured domain. Thus, the
formation would not be an important hydrogeological unit in the context of the dilution effect.
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(b) Akeyo/Hongo Formations

The average value for Darcy velocity distribution in the Akeyo/Hongo Formations was in the range of 2.5
x 107 t0 5.0 x 10 m s, These formations are thus expected to be important hydrogeological units in the
context of the dilution effect because the values are higher than those of the lower sparsely fractured
domain after Step 2. However, the average value for Darcy velocity distribution in the formations varied
significantly with the progress of investigations and decreased from Step 3 to Step 4. Therefore, the
formations have a significant uncertainty in dilution effect and understanding of the dilution effect in the
formations will need to be improved by investigations in the future.

(c) Basal conglomerate of the Akeyo/Hongo Formations

The basal conglomerate of the Akeyo/Hongo Formations was additionally included in the hydrogeological
model in Step 4 and the improvement in understanding of the dilution effect with the progress of the
investigations cannot be evaluated at present. The average value for Darcy velocity distribution in the basal
conglomerate was 7.9 x 10° m s™ in Step 4, which was higher than that of the lower sparsely fractured
domain. Thus, the basal conglomerate is expected to be an important hydrogelogical unit in the context of
dilution effect. The average value for Darcy velocity distribution, standard deviation and their variations
will have to be refined based on the results of future investigations.

(d) Toki Lignite-bearing Formation

The average value for Darcy velocity distribution in the Toki Lignite-bearing Formation was in the range
of 7.9 x 10° to 1.6 x 10° m s™*, which is higher than that of the lower sparsely fractured domain. Thus, the
formation is expected to be an important hydrogelogical unit in the context of the dilution effect. However,
the average value for Darcy velocity distribution in the formation varied significantly with the progress of
investigations and the level of understanding will need to be improved by investigations in the future. The
average value for Darcy velocity distribution increased with the progress of investigations from Step 2 to
Step 4, while the standard deviation tended to decrease. Therefore, the formation requires further
investigation as a hydrogelogical unit of particular importance.

(e) Basal conglomerate of the Toki Lignite-bearing Formation

As with the basal conglomerate of the Akeyo/Hongo Formations, this hydrogelogical unit was additionally
included in the hydrogeological model in Step 4 and the improvement of understanding of the dilution
effect with the progress of investigations cannot be evaluated at present. In Step 4, the average value for
Darcy velocity distribution in the basal conglomerate was 1.0 x 10® m s, which was higher than that of
the lower sparsely fractured domain. Thus, the basal conglomerate is expected to be an important
hydrogelogical unit in the context of the dilution effect. The average value for Darcy velocity distribution,
standard deviation and their variation will have to be refined based on the results of future investigations.

(f) Highly fractured zone along the Tsukiyoshi Fault

The average value for Darcy velocity distribution in the highly fractured zone along the Tsukiyoshi Fault
was in the range of 6.3 x 10° to 2.0 x 10° m s, which is higher than that of the lower sparsely fractured
domain. Thus, the fractured zone is expected to be an important hydrogelogical unit in the context of the
dilution effect. However, on the basis of its high standard deviation, the zone is estimated to have a highly
heterogeneous dilution effect. The average value for Darcy velocity distribution in the zone also varied
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significantly with the progress of investigations. Therefore, the understanding of the dilution effect needs
to be improved by investigations in the future. Meanwhile, the average value for Darcy velocity
distribution tended to increase with the progress of investigations from Step 2 to Step 4. Therefore, the
zone deserves further attention as a hydrogelogical unit of particular importance.

(9) Upper highly fractured domain

The average value for Darcy velocity distribution in the upper highly fractured domain was in the range of
4 x 10° to 1.6 x 10° m s, which is higher than that of the lower sparsely fractured domain. Thus, the
upper highly fractured domain is expected to be an important hydrogeological unit in the context of the
dilution effect. The variation in the average value for Darcy velocity distribution with the progress of
investigations is comparable to that of the lower sparsely fractured domain. However, the average value for
Darcy velocity distribution decreased, while the standard deviation tended to increase from Step 3 to Step 4.
Therefore, the upper highly fractured domain has a significant uncertainty in its dilution effect and
understanding needs to be improved.

(h) Low-angle fractured zone

The low-angle fractured zone was included in the hydrogeological model in Step 2. The average value for
Darcy velocity distribution in the zone was in the range of 2.5 x 10°® to 2.0 x 10® m s, which is higher
than that of any other hydrogeological unit. Thus, the zone is expected to be an important hydrogeological
unit in the context of the dilution effect. However, on the basis of its high standard deviation, the domain is
estimated to have a high heterogeneous of dilution effect. Therefore, it deserves further attention as a
hydrogeological unit of particular importance and its heterogeneity will have to be evaluated.

(i) Summary

Fig. 3.7.5-1 shows hydrogeological units whose average value and variation in the standard deviation of
Darcy velocity showed a relative increase from Step 2 onwards. This is due to the fact that the
hydrogeological model was updated based on the results of borehole investigations, long-term hydraulic
monitoring and crosshole hydraulic testing conducted in Step 2 and afterwards. Thus, in evaluating the
dilution effect, it is important to conduct borehole investigations as these are particularly suitable for
determining the hydraulic characteristics of hydrogeological units.

In Phase 1, the Toki Lignite-bearing Formation, the highly fractured zone along the Tsukiyoshi Fault and
low-angle fractured zone were identified as particularly important hydrogeological units in the context of
dilution effect. However, large variations are likely to exist with respect to the dilution effect of these
structures. Therefore, the understanding will need to be improved in the investigations in Phase Il and
beyond.

Issues for Phase Il and beyond

Regarding the issues in Phase Il and beyond, the hydrogeological model should be updated based on the
information obtained during the excavation of the underground facilities (see also Section 3.7.1) and the
Darcy velocity distributions should be calculated using the updated model to evaluate the changes.
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(e) Toki lignite bearing Formation basal conglomerate

Fig. 3.7.5-1 Darcy velocity distributions in geological units with stepwise progress of investigations
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3.7.5-1 Darcy velocity distributions in geological units with stepwise progress of investigations

Improvement in understanding with the progress of investigations

The depth profile and 3-D distribution of initial stress states and petrophysical/geomechanical
characteristics of rocks are determined by borehole investigations. Because they are assumed not only to be
depth-dependent but also to be related to geological structures, a rock mechanical model has to be
constructed taking these factors into account. The extent and petrophysical/geomechanical properties of the
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EDZ are predicted by simulating the excavation of the underground facilities based on the numerical
analysis method and defining input data based on the rock mechanical model.

(a) Improvement in understanding from Step 0 to Step 2

In Step 0O, the initial stress states and petrophysical/geomechanical characteristics of rocks were obtained
by referring to existing information, namely the data obtained by the borehole investigations conducted at
the Shobasama Site and their interpretation in a rock mechanical model.

In order to evaluate the extent and petrophysical/geomechanical properties of the EDZ, a sensitivity
analysis was conducted to predict the influence of the excavation of the underground facilities on the rock
around the underground facilities using a numerical analysis method that could take into account the
influence of discontinuities in the rock.

In Step 2, the principal stress ratio and the direction distribution were determined as the
petrophysical/geomechanical characteristics of rocks and initial stress states in the Toki Granite by
conducting laboratory tests using core samples obtained from an existing borehole (DH-2) near the MIU
Construction Site. As a result, new information on the upper highly fractured domain in the Toki Granite in
and around the MIU Construction Site was obtained and the rock mechanical model for the MIU
Construction Site was constructed based on these results.

(b) Improvement in understanding from Step 2 to Step 3

In Step 3, the petrophysical/geomechanical characteristics of the Toki Granite were evaluated using core
samples obtained from the deep borehole MIZ-1 at the MIU Construction Site. At the same time, the
distribution of the initial stress states was determined by in-situ hydraulic fracturing tests. As a result,
additional information on the lower sparsely fractured domain in the Toki Granite was obtained and the
rock mechanical model of the MIU Construction Site was updated based on these results.

With regard to the extent and petrophysical/geomechanical properties of the EDZ, the rock mechanical
model was updated by adding the EDZ to the numerical analysis method that can take into account the
influence of discontinuities in the rock. Analyses were then made to predict the impact of excavation on the
rock around the underground facilities.

(c) Summary

In order to evaluate the local stress regime and petrophysical/geomechanical characteristics of rocks, a
rock mechanical model was constructed and updated using the characteristics and initial stress states in the
Toki Granite obtained in each investigation/analysis step (Fig. 3.7.6-1). An analysis was conducted to
predict the impact of excavation on the rock around the underground facilities. With the progress of the
investigation steps, the understanding was improved through the following: (1) The location of the
investigation boreholes used in the modeling were closer to the MIU Construction Site; (2) Information on
the lower sparsely fractured domain in the Toki Granite was additionally obtained in Step 3, although
information on the granite was limited to that on the upper highly fractured domain in the Toki Granite in
Step 2; (3) The results of in-situ initial stress measurements were obtained; (4) The comparison with the
geological model made it possible to confirm that the initial stress states differ on both sides close to
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discontinuities such as faults and (5) Additional information on fractures was obtained.

However, the information on the petrophysical/geomechanical characteristics and initial stress states in the
Toki Granite obtained at the MIU Construction Site were derived only from one deep borehole at a
distance from the excavation locations of the underground facilities and the characteristics at the
excavation locations might be significantly different. Thus, in order to accurately evaluate the local stress
regime and petrophysical/geomechanical characteristics at the planned excavation locations of the
underground facilities, it would be better to acquire information by conducting deep borehole
investigations at the planned excavation locations or in their vicinity.

When conducting a predictive analysis of excavation impact on the rock around the underground facilities
using a numerical analysis method taking discontinuities in the rock into account, the relevant
discontinuities will be selected by identifying preferential fractures from among the fractures identified in
borehole investigations or by performing statistical processing. In considering the excavation damaged
zone, the degree and extent of excavation damage will be defined based on the hypotheses developed
based on previous cases, etc. However, such information is difficult to acquire in the Phase | investigations
and the above-mentioned parameter settings would have to be based on existing knowledge.

Issues for Phase Il and beyond

In Phase Il, information on the local stress regime and petrophysical/geomechanical rock characteristics
around the underground facilities (site/block scale) should be acquired in order to test the rock mechanical
model constructed in Phase I.

The test will be performed by comparing analytical and measured data. The measured data include those
from investigations using borehole drilled in the underground facilities, initial stress measurements using
the boreholes and petrophysical/geomechanical tests using core samples. The validity of the result of the
predictive analysis in Phase | regarding the extent and petrophysical/geomechanical characteristics of the
EDZ is needed to be evaluated against the excavation effect tests in the underground facilities.
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Fig. 3.7.6-1 Evolution of rock mechanical model

3.7.7 Volume of inflow into underground tunnels

Improvement in understanding with the progress of investigations

Methods for estimating the volume of inflow into the underground facilities include a theoretical formula
based mainly on an isotropic homogeneous medium and groundwater flow analyses. The groundwater flow
analysis is a method in which the excavation of the underground facilities is simulated analytically based
on a hydrogeological model constructed using information from borehole investigations, etc. For
evaluating the inflow rate based on an anisotropic hydrogeological medium, 3-D groundwater flow
analysis is required. The volume of inflow into underground facilities could be estimated with higher
accuracy by using such a 3-D analysis. However, compared to the estimation based on a theoretical
formula, 3-D groundwater flow analysis is more time-consuming in terms of mesh generation and
calculation. Thus, these methods should be used selectively depending on the required accuracy needed for
the design and construction of underground facilities.
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In Step 0O, the groundwater inflow rate into the underground facilities was predicted using a theoretical
formula based on an isotropic homogeneous medium, because no information had been obtained on
hydrogeological structures such as faults in and around the MIU Construction Site.

From Step 2 onwards, the estimation of the volume of inflow into the underground facilities was based on
3-D groundwater flow analysis. In this instance, the reliability of the hydrogeological model, which forms
the basis of the groundwater flow analysis, should be improved in order to increase the accuracy of the
estimated volume of the inflow.

In Step 2, the distribution and hydraulic characteristics of sedimentary rock formations, the upper highly
fractured domain in the Toki Granite and major discontinuities that were not identified in Step 0 were
determined and the hydrogeological model was constructed based on this information (see also Section
3.4.2). In Step 3, the distribution and hydraulic characteristics of sedimentary rock formations, the Toki
Granite including the zone deeper than 1,000 m and major discontinuities were determined and the
hydrogeological model was updated based on this information (see also Section 3.5.2). In Step 4, the
spatial connectivity of major discontinuities and their hydraulic characteristics were determined and the
hydrogeological model was again updated based on this information (see also Section 3.6.2).

The comparison between the results of groundwater flow analysis for the conditions prior to the excavation
of the underground facilities using these hydrogeological models and the improvement obtained when
comparing these to measured groundwater pressure distributions demonstrated the improved reliability of
the hydrogeological model with the increased amount of information (see also Section 3.7.2). The accuracy
of the groundwater flow analysis based on these hydrogeological models for estimating the volume of
inflow into the underground facilities was therefore considered to have improved.

The updating of the hydrogeological model resulted in a change in the number of highly permeable
structures that had been predicted to intersect the underground facilities (see also Section 3.7.8), which
would significantly influence the estimation of the volume of the inflow (Fig. 3.7.7-1). As described above,
it was confirmed that the highly permeable structures found to significantly affect the volume of the inflow
dip at high angles at/around the MIU Construction Site. Therefore, the number and locations of the highly
permeable structures intersecting the underground facilities (shaft, in particular) will be influenced strongly
by the uncertainty in the geometry of the highly permeable structures. Thus, in order to accurately
determine the number of highly permeable structures intersecting the underground facilities, it will be a
priority to acquire information on the spatial distribution and hydraulic characteristics of highly permeable
structures at the excavation points of the underground facilities. However, borehole investigations for this
purpose were not conducted at these points in Phase |, because priority was assigned to characterizing
groundwater flow in the entire site-scale area, and also because of budget and time restrictions. Thus, the
accuracy of the estimation of the volume of inflow into the underground facilities was insufficient.

In estimating volume of inflow rate using the groundwater flow analysis, the effect of the lining concrete
and drainage mats installed between the lining and rock was considered. As a result, the hydraulic
characteristics vicinity of the underground facilities which are influenced by a skin effect, including that
generated by engineered structures, were found to significantly affect the volume of the inflow (see also
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Sections 3.4.6, 3.5.7 and 3.6.4). However, the hydraulic characteristics vicinity of the underground
facilities were not determined accurately in the Phase | investigations. The results of groundwater flow
analyses suggested that a large volume of inflow would possibly occur in the highly permeable zone,
requiring measures such as grouting to reduce inflow rate where this is expected to be significant. Grouting
also affects the hydraulic characteristics vicinity of the underground facilities, similarly to the lining
concrete and drainage mats installed between the lining and the rock. Grouting in particular would change
the groundwater pressure vicinity of the underground facilities significantly compared to the case without
grouting.

Issues for Phase Il and beyond

The results of predictive analyses of the inflow indicated that phenomena such as groundwater inflow and
drawdown of groundwater pressure were significantly influenced by the skin effect, including that
generated by engineered structures, grouting and other impacts associated with construction (such as
excavation work). Therefore, in order to measure the volume of inflow into the shafts associated with the
excavation of the underground facilities in Phase II, and also to confirm the validity of the hydrogeological
model constructed in Phase | based on the results of long-term hydraulic monitoring around the shafts, it is
important to acquire accurate information on the hydraulic characteristics vicinity of the underground
facilities. These zones are subject to the impact of the skin effect, including that generated by engineered
structures such as lining concrete and drainage mats areas treated by grouting. Long-term hydraulic
monitoring using the boreholes drilled in Phase | will also be continued to determine the drawdown of
groundwater pressure caused by groundwater inflow into the underground facilities.

For testing and calibrating the hydrogeological model constructed in Phase | based on the information
described above, a groundwater flow analysis taking into account human-induced impacts associated with
construction will be conducted, and then measurements and calculated drawdown will be compared.

12,000
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O 500m B 1000m
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6,000

Inflow rate (m?/day)
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2,000

Step 2 Step 3 Step 4
Investigation steps

Fig. 3.7.7-1 Inflow rate into MIU estimated by using groundwater flow simulations in the each
investigation step (pressure relief factor: 0.2)
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3.7.8 Distribution of discontinuities intersecting underground tunnels

Improvement in understanding with the progress of investigations

To determine the presence and extent of discontinuities around the underground facilities, it is important to
construct a geological model that reflects the progress of investigations and to check the improvement in
understanding and uncertainties before proceeding to the next step. Fig. 3.7.8-1 illustrates the cross-section
of the geological models developed from Step 0 to Step 4 along the line crossing the underground facilities.

In Step 0, information on discontinuities was compiled based on existing information and the Tsukiyoshi
Fault, which was described in existing geological maps, was modeled. As a result, it was confirmed that
the fault would not intersect the planned excavation positions of the underground facilities (see also
Section 3.2.8).

In Step 1, the consistency between the subsurface distribution of the Tsukiyoshi Fault and existing
information was checked by the geological mapping and reflection seismic surveys. At the same time, the
presence of smaller-scale faults in the site-scale area, which had not been identified based on the existing
information, was predicted (see also Section 3.3.4).

In Step 2, the actual subsurface distribution of faults previously confirmed or predicted was determined;
the subsurface distribution and petrophysical/mineralogical characteristics of faults with a NNW strike
predicted in Step 1 were confirmed and the distribution of faults with NS and EW strikes in the granite was
also predicted. As a result, the accuracy of the estimation of the location of the faults with the NNW strike
was improved compared to that in Step 1. It was also predicted that an additional fault with an EW strike is
likely to be present (see also Section 3.4.7).

In Step 3, the faults present in the deep granite, which had not been investigated until Step 2, were
identified as a result of deep borehole investigations. In this step, the distribution of the faults with a
NW-NNW strike and their petrophysical/mineralogical characteristics obtained from boreholes intersecting
the fault planes, in addition to the fault assumed to have an EW strike identified in Step 2, were determined.
The accuracy of the estimation of the presence of faults at the planned excavation points of the
underground facilities in the deep granite was improved compared to that in Step 2 (see also Section 3.5.8).

In Step 4, a multi-offset VSP survey and a crosshole tomography survey were conducted in the deep
boreholes from Step 3. A reflection seismic survey was also carried out in the north to north-east part of the
MIU Construction Site, which had not been investigated before. Consequently, a detailed evaluation was
made of the connectivity of the fault intersecting the MIU Construction Site, as well as the distribution of
faults around the underground facilities. As a result, the accuracy of the estimation of the presence of faults
at the planned excavation points of the underground facilities was significantly improved compared to that
in Step 3 (see also Section 3.6.5).

Issues for Phase Il and beyond

As indicated by the discussions in Step 1 to Step 4 (see also Sections 3.3.4, 3.4.7, 3.5.8 and 3.6.5) many of
the discontinuities were estimated to dip at high angles. In order to accurately predict the positions at
which these structures encounter the underground facilities, it will be useful to acquire information on the
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distribution of discontinuities at the planned excavation points of the underground facilities (e.g. from pilot
borehole investigations in the shaft).

Meanwhile, as described in Section 3.3.1, lineaments which are unlikely to be faults when compared with
the faults predicted by the geological mapping, geophysical surveys and/or borehole investigations were
also included in the geological model. Therefore, the improvement of modeling techniques including those
for quantitatively evaluating the uncertainties of such information would be one of the future issues. A
simulation analysis of geological structures based on the geological/geophysical data obtained so far could
prove important as a method for estimating the distribution of discontinuities in uninvestigated areas.

In the Phase Il investigations, the distributions of the discontinuities modeled thus far will be confirmed.
In addition, the validity of predictions of the 3-D distribution of the geological structures in the Phase 1
investigations will be evaluated and the model updated. Focusing particularly on discontinuities such as the
detailed geological structures occurring in the underground facilities, their distribution, geometry,
structural type and petrophysical/mineralogical properties will be characterized. At the same time, a more
detailed geological model for the block-scale area will be developed.
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3.7.9 Subsurface thermal conditions

Improvement in understanding with the progress of investigations

The depth profiles of the geothermal gradient and thermal characteristics in the area of interest can be
determined by temperature logging and tests on thermal characteristics using core samples.

Based on the data on the geothermal environment obtained through the investigations from Steps 0, 2 and 3,
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there were no significant changes in the assessment of the geothermal gradient in the local-scale area
unless a local thermal heat source is present (Fig. 3.7.9-1). Thus, on the local scale, the geothermal gradient
could be determined by temperature logging in one borehole and the thermal properties could be
characterized by performing tests on thermal characteristics using core samples obtained from one
borehole.

Issues for Phase Il and beyond

For the issues for Phase Il and beyond, the thermal characteristics of rocks determined in Phase | would
need to be validated by tests on thermal characteristics using core samples obtained by borehole
investigations in the underground facilities.
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Fig. 3.7.9-1 Transition of the temperature logging result
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3.8 Determination of potential environmental impacts

The results of investigations on the specific aims relating to the safety assessment and design/construction
of the underground facilities were summarized in Sections 3.2 to 3.7. This section summarizes the results
of investigations on specific aims relating to the environmental impact induced by construction of
underground facilities.

3.8.1 Strategy and monitoring approach

As described in Sections 3.2 to 3.7, the development of investigation and assessment techniques for
characterizing the geological environment in terms of suitability for geological disposal is an essential
aspect of the MIU project. It is also necessary to establish the technical basis for comprehensive
assessment of environmental and societal aspects (environmental impact assessment)??)
achieving public acceptance of the disposal project.

with a view to

The construction of deep underground facilities may cause various types of impacts, not just on the
geological environment from the near-surface to deep underground but also on the surface environment.
However, the types and significance of the impacts, their influence on the safety assessment and techniques
for reducing or dealing with them have not yet been fully clarified. In the future, an environmental impact
assessment as mentioned above is considered to be required for the disposal project, similarly to
conventional environmental impact assessments for large-scale infrastructure projects on the surface.

The activities in the MIU project involve actual construction of underground facilities. Therefore, technical
know-how can be accumulated and techniques for evaluating the impact of excavating the underground
facilities on the surrounding environment can be developed based on case studies that assess the impact of
excavation on the surrounding deep geological environment.

The phenomena that may be induced by the construction of the large-scale underground facilities are
expected to vary depending on the scale and layout of the facilities, the construction techniques applied,
operating period, distance from the facilities, timing of the observations, etc. These phenomena can be
classified into two categories: one relating to changes in the field conditions (e.g. groundwater flow
conditions and groundwater chemistry) and one concerning changes of a system controlling field
conditions (e.g. hydraulic conductivity and mineralogical composition) (Fig. 3.8.1-1). The MIU project
focuses on environmental and social aspects considered to be important for implementing the project. The
following monitoring items were thus defined, although they are exempt from the provisions of the
Environmental Impact Assessment Law®:

- Groundwater level and groundwater pressure
- Groundwater chemistry

- Near-surface soil moisture content

- River flux and

- Noise and vibration.

In Phase | of the MIU project, the above items have been monitored in order to acquire data on the initial
conditions to be used for determining the changes in the surrounding environment associated with the
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excavation of underground facilities. The investigation of the impact of the excavation of the underground
facilities on the surrounding environment in the near-surface zone will be described in Section 5.2. This
section discusses technologies for monitoring the impact associated with the excavation of the underground
facilities on the groundwater pressure and groundwater chemistry from the near-surface to deep
underground.
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Fig. 3.8.1-1 Hydrogeological and hydrochemical changes resulting from shaft construction

3.8.2 Determining changes in groundwater pressure

Groundwater pressure has been monitored in the MIU project in order to determine the impact of the
excavation of underground facilities on groundwater flow characteristics. Groundwater pressure
monitoring techniques using a multi-packer system include two types, one that measures the groundwater
pressure directly in the measurement interval and one that measures the groundwater level in a piezometer
tube over a certain interval (Fig. 3.8.2-1). Both types have been used for continuous monitoring in and
around the MIU Construction Site in order to determine their respective advantages and disadvantages.

For the multi-packer system, if two or more zones with different groundwater pressures are present in one
monitoring interval, the average value of these different pressures is obtained, preventing accurate
characterization of the impacts associated with the excavation of the underground facilities. Thus, when
installing the multi-packer system in a deep borehole, the monitoring intervals were selected in such a way
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as to separate zones expected to have different groundwater pressures from one another, based on
geological and hydrogeological information obtained in previous investigations in the borehole.
Installation of the multi-packer system based on this approach allows acquisition of initial values and
accurate determination of the subsequent impact associated with excavation.

Information from various types of borehole investigations prior to installation of the multi-packer system
provide the technical justification for the definition of the monitoring intervals and the required geological
and hydrogeological information should therefore be acquired continuously along the depth of the
borehole.

The time interval for data acquisition using the multi-packer system is presently set at approximately 5
minutes. With the setup described above, data on the initial conditions without the impact of excavation,
including seasonal variations, earth tides, atmospheric pressure variations and variations associated with
large-scale earthquakes, were obtained (Fig. 3.8.2-2). The time interval for data acquisition should be
reconsidered and reset appropriately, taking into account the distance between the underground facilities
and the borehole, the timing of operations that may cause changes in groundwater pressure (e.g. blasting
intervals for excavation of the underground facilities) and the changes occurring at the time of excavation
of relevant geological structures.

The monitoring data thus obtained relate to the influence of natural phenomena such as earth tides and
atmospheric pressure variations, as well as digital noise (irregular components generated by the monitoring
system). If the change in groundwater pressure induced by excavation of underground facilities is small, it
may not be identified because it will be superposed by the above-mentioned noise components. Removing
this noise is therefore essential for determining small changes in groundwater pressure®® (Fig. 3.8.2-3).
When human-induced impacts such as the drilling of boreholes, hydraulic testing and excavation of
underground facilities are included in the monitoring data, the quantitative evaluation of the impact
becomes important. A monitoring data analysis technique using an artificial neural network model” (Fig.
3.8.2-4), which can predict changes in groundwater pressure based on the monitoring data, would be one
method to quantitatively identify the effect of artificial fluctuations to groundwater pressures).

For monitoring changes in groundwater flow conditions and groundwater chemistry associated with the
construction of the underground facilities, boreholes would be required for monitoring the surrounding
area to allow measurement of groundwater pressure and sampling of groundwater in the vicinity of the
underground facilities. As described above, systems capable of continuous monitoring of groundwater
pressure and batch-style sampling bottles are installed in the boreholes at the MIU Construction Site for the
continuous monitoring of groundwater pressure and the sampling of groundwater in the surrounding
monitoring holes.

In Phase Il, the effect of grouting and the changes in groundwater pressure near the shafts should be

monitored continuously. Because large differential pressures are expected in the borehole, monitoring
equipment that is applicable in such an environment should be developed.
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disturbed period (Modified from Gautam et al, 2003 ).

3.8.3 Determining changes in groundwater chemistry

Determining the initial geochemical characteristics of groundwater in and around the MIU Construction
Site and changes in the groundwater chemistry associated with the excavation of the underground facilities
is one of the goals of monitoring groundwater chemistry. At the time of the excavation of the underground
facilities, phenomena such as changes in the redox conditions at shallow depth, changes in concentrations
of dissolved species due to the change in the redox conditions and degassing of dissolved gas are expected
due to the reduction in groundwater pressure resulting from the inflow of groundwater into the tunnels
from the surrounding rock. Of the monitoring systems available, a piezometer measurement system is
highly likely to disturb the groundwater pressure in the monitoring intervals through continuous pumping
in order to collect groundwater samples. A pumping system would cause degassing of dissolved gas at the
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time of sampling. Therefore, in order to monitor phenomena associated with the excavation, it would be
preferable to collect groundwater using batch-type sampling bottles in order to keep the in-situ pressure of
water samples. However, when dissolved gas is not used as an indicator, it would be possible to monitor
geochemical characteristics of groundwater utilizing a pump system.

In order to evaluate changes in the groundwater chemistry for the area extending several tens to several
hundreds of meters from the underground facilities, sampling of groundwater and chemical analysis of the
sampled groundwater have been carried out since Step 2 for the groundwater in the Mizunami Group once
a month in a deep borehole at the MIU Construction Site. The monitoring system used was a direct
measurement system for groundwater pressure capable of using batch-type sampling bottles. The sampling
frequency was determined based on the number of monitoring sections (around ten) and the time required
for the monitoring (1-2 days per section). The basic data thus obtained will be used to evaluate the
groundwater chemistry under natural conditions and the changes associated with the excavation of the
underground facilities. For quantitative analysis of the changes in groundwater chemistry, the range of
variation under natural conditions should be evaluated in advance to allow such variations to be
distinguished from excavation-induced changes. Fig. 3.8.3-1 shows monitoring results for the variation in
pH and concentration of chemical components in the groundwater in the Mizunami Group under natural
conditions obtained in the borehole MSB-2 approximately 70 m distant from the Main Shaft location
before the start of excavation”. The figure shows the monitoring results obtained over a period of 14
months from January 2003 to March 2004, with the average, maximum and minimum values in each
monitoring interval. It can be seen that the variation range of each chemical component is different even
though this includes errors generated in the process from groundwater sampling to analysis. The variation
for pH value in the groundwater was larger at shallower depth, which may reflect the difference in recharge
rate of surface water depending on the timing of the sampling. It also indicates that the variation is smaller
at larger depths close to the low permeable formation. Therefore, when constructing underground facilities,
it is important to determine the natural variation range for each chemical component before evaluating the
presence of excavation-induced disturbances in each geological structure.

Changes in groundwater chemistry around the underground facilities will be evaluated using seepage water
samples collected from the shaft wall immediately after the excavation. The shafts were designed such that
groundwater outside the lining concrete can be collected using water collection rings mounted on the shaft
wall.

In Phase Il, for evaluating the effect of grouting on the groundwater chemistry and changes of the system
controlling field conditions around the underground facilities, effort will be made to establish a technique
for sampling rock and groundwater from boreholes drilled in the underground facilities and to develop and
improve monitoring of geochemical characteristics of groundwater using boreholes with high differential
pressure vicinity of the underground facilities.
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Fig. 3.8.3-1 Monitoring results of groundwater chemistry before shaft excavation®
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3.9 Model predictions for excavation effect of underground facilities

This section summarizes the results of predicting the changes in the deep geological environment due to
excavation of the underground facilities for the Phase Il investigations based on the results of the Phase |
investigations described in sections 3.2 to 3.8.

3.9.1 Geological structures around the underground facilities
Geological structures around the underground facilities were characterized (Fig. 3.9.1-1 and Fig. 3.9.1-2)
based on the geological model developed in Phase | (see also section 3.6.1).

The sedimentary rock formations concerned include, from the top, the Akeyo Formation, the Hongo
Formation and Toki Lignite-bearing Formation. These overlie the Toki Granite, separated by an
unconformity. The Toki Granite can be divided into a weathered zone and an upper highly fractured
domain; the latter can also be subdivided into a highly fractured zone dipping at a low angle and a lower
sparsely fractured domain. The upper highly fractured domain and lower sparsely fractured domain are
predicted to occur in the granite at a depth of about 500 m, where the Middle Stage will be constructed (Fig.
3.9.1-2). Meanwhile, the granite at a depth of about 1,000 m where the Main Stage will be constructed is
predicted to be the lower sparsely fractured domain.

The discontinuities generally have NNW, NW, EW and NE strikes, with the NW and NNW strikes being
predominant. The features with NW and NNW strikes are predicted to intersect the area between the Main
Shaft and Ventilation Shaft from the near-surface. They are also expected to be encountered at the Middle
Stage. The NW and NE strikes are predicted to encounter the Main Stage. Since all the discontinuities thus
predicted dip at high angles, the following conclusions can be drawn. First, the actual depths where these
discontinuities are encountered in the shafts may differ greatly from the predictions and extensive fracture
zones may occur along the shafts because of the small angles between the faults and the shafts. (The
fractured zones are indicated in blue in Fig. 3.9.1-1; their widths were calculated based on the information
from borehole investigations.)
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Predicted geological structures around the MIU facility (Step4)
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Fig. 3.9.1-2 Horizontal sections through the Step4 Geological model (100 m intervals)
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3.9.2 Hydrogeological structures around the underground facilities and changes in
groundwater flow-field associated with excavation

Hydrogeological structures around the underground facilities were predicted in Step 0 to Step 4 (see also
sections 3.2.2, 3.3.2, 3.4.2, 3.52 and 3.6.2. In addition, based on the hydrogeological model, a
groundwater flow analysis taking into account the excavation of the underground facilities was conducted
to predict the volume of groundwater inflow into the underground facilities (see also sections 3.4.6, 3.5.7
and 3.6.4). In order to include the effects of the concrete lining and drainage mats installed between the
lining and the rock on the groundwater inflow rate from the wall, the concept of the pressure relief factor o
was introduced. This was defined as the internal boundary conditions in the groundwater flow analysis so
that the boundary condition of the wall was set to that between the atmospheric pressure condition and

no-flow boundary condition.

The result of the analysis indicated that, when the pressure relief factor is large (i.e. close to the
impermeable boundary; pressure relief factor = 0.8), drawdown of the head is limited to the area around
the MIU Construction Site, surrounded by several modeled faults (Fig. 3.9.2-1(a)). However, when the
pressure relief factor is small (close to complete atmospheric pressure conditions; pressure relief factor =
0.2), drawdown of the head is found to extend over a wider area. Although dwardown of a head in the
order of a few tens of meters does not reach the north side of the Tsukiyoshi Fault, which is a low
permeable structure present to the north of the MIU Construction Site, drawdown of the head increased in
an east-west direction (Fig. 3.9.2-1(b)).

The results of the above analysis indicated that a large volume of groundwater would inflow into the
underground facilities from the highly permeable zones, particularly when the pressure relief factor is
small. Thus, measures for reducing water inflow, such as grouting, should be applied in areas where a high
groundwater inflow rate is expected. As described above, the permeability of the rock around the shafts can

be reduced by grouting only the areas where a lot of seepage occurs.

Drawdown in the case of a low pressure relief factor would come close to drawdown in the case of a high
pressure relief factor when the internal boundary condition takes into account the grouted zone as well as
concrete lining and drainage mats. The drawdown area would then be limited around the MIU

Construction area.

Thus, as described in section 3.7.7 and elsewhere, changes in the groundwater flow-field associated with
the excavation of the underground facilities, such as a reduction in the groundwater pressure, may be
strongly influenced by the skin effect generated by artificial structures, grouting and human impacts
associated with the construction and excavation work. Therefore, a groundwater flow analysis should be
performed using the hydrogeological model developed in Phase I and internal boundary conditions
reflecting the in-situ conditions for the impacts associated with construction. The hydrogeological model

should then be tested by comparing the analysis results with the measured values.
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3.9.3 Distribution of groundwater chemistry around the underground facilities and
changes associated with excavation

The distribution of groundwater chemistry around the underground facilities was estimated by deep
borehole investigations as described in section 3.5.3. In order to predict the hydrochemical impact on the
surrounding environment associated with the excavation of the wunderground facilities, a
thermo-hydro-geochemical coupled analysis was conducted using the codes TOUGHREACT"? and
PHREEQC”, based on the estimated distribution of groundwater chemistry and the hydrogeological
information.

For the predictive evaluation of the evolution of the EDZ over a long period of time, a cylindrical
two-dimensional model with a diameter of 8 km and a depth of 2 km, including the existing groundwater
monitoring boreholes, was used in the analysis, assuming that a shaft with a diameter of 6.5 m is excavated
in the center of the model to a depth of 1,000 m at a constant excavation rate over a period six years. The
model domain was meshed into 29 formations (2 to 500 m) x 23 ring elements (5 cm to 1,600 m), which
totals 667 meshes. Changes in the conditions around the shafts were predicted with the boundary
conditions set as follows to be consistent with the existing groundwater flow analysis: the pressure at the
upper surface is fixed to be constant at 0.1 MPa, the lateral boundaries are permeable with constant
temperature/pressure and the bottom boundaries are no-flow with constant temperature and closed
conditions”. It should be noted that the sealing effect of the lining concrete in the shafts and the

distribution of hydraulic conductivity in the Toki Granite were factored into the assumption.

The results indicated that the groundwater pressure around the shafts would be reduced several months
after the start of excavation due to seepage from the shaft walls and that the groundwater pressure
immediately beneath the low permeability formation would drop below atmospheric pressure, resulting in
43 kPa absolute pressure after one year. It was also predicted that air would start to infiltrate into the
shallow formations due to seepage from the shaft wall, leading to expansion of the unsaturated zone with
the progress of excavation. Degassing from the groundwater was predicted to start in the granite around the
shafts three years after the start of excavation. The extent of degassing is expected to be around 20 m from
the shaft; gases presently observed in the groundwater, such as methane, carbon dioxide and hydrogen
sulphide, are expected to be degassed. Furthermore, pH, Eh and groundwater chemistry are expected to

change due to infiltration of air, degassing and groundwater flow.

The results of the predictive analysis described above (on the timing and extent of these phenomena) may
vary depending on changes in work processes, such as the excavation rate. However, the phenomena
predicted by this analysis were also observed during other borehole investigations conducted to date and
are therefore highly likely to occur during the excavation of the underground facilities. The rate at which
these phenomena occur is predicted to depend on the difference in hydrogeological structures. Thus, the
predicted phenomena should be reflected in the plans for the Phase II investigations referring to the 3-D
spatial distribution of faults and impermeable layers around the planned excavation areas for the
underground facilities. In addition, the validity of the predictive analysis results will require confirmation

through future monitoring.

A more reliable predictive analysis methodology would be one of the technologies used for estimating
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geochemical characteristics of groudnwater in the period after closure of the repository. The reliability of

the results of predictive analyses should be improved by ongoing validation using other calculation codes.

3.9.4 Geomechanical properties of rock around the underground facilities and changes
associated with the excavation

The geomechanical properties of rock at the MIU Construction Site estimated in Phase I are represented by
the rock mechanical model constructed in Step 3 (see also section 3.5.6). Specifically, rocks from classes A
to CL according to the rock mass classification applied by CRIEPI are assumed to be present around the
underground facilities. The petrophysical/geomechanical characteristics of the rocks in each class were
defined based on data from the investigations in Step 3 (Table 3.9.4-1). Data required for the predictive
analysis of rock behavior around the underground facilities resulting from excavation may include initial
stress states, fracture characteristics and hydraulic conductivity, as well as petrophysical/geomechanical

properties. These input data were also defined based on the data from the investigations in Step 3.

Predictive analyses of rock behavior around the underground facilities associated with excavation were
conducted based on the data mentioned above. The predictive analyses for the Main Shaft Inset at a depth
of 500 m consisted of 3-D analyses using the MBC model, the crack tensor model and the virtual fracture
model (Fig. 3.9.4-1 and Fig. 3.9.4-2). The MBC and crack tensor models are equivalent continuum models

capable of taking the influence of discontinuities into account.

For the case where the excavation damaged zone was considered, analyses using the MBC model showed
no significant differences regarding behavior such as rock deformation (Fig. 3.9.4-3), maximum shear
stress, local safety factor, fracture aperture distribution (Fig. 3.9.4-4), etc. from the case without
consideration of the excavation damaged zone. Comparing the results obtained using the crack tensor
model and the virtual fracture model, no significant differences were recognized in the maximum shear
stress and safety factor, although rock deformation (Fig. 3.9.4-3) and the increase in hydraulic conductivity
(Fig. 3.9.4-5) differed between the models. Thus, it was confirmed that differences between the models
used may result in different outcomes. The cause of these differences can probably be attributed to the

fracture modeling technique.

In the next phase and beyond, the initial stress data and petrophysical/geomechanical data should be
acquired by borehole investigations in the sub-stages; ground displacement and convergence should be
measured with a range of instrumentation in the underground facilities. By comparing the measured data
with analysis results, as well as through in-situ tests on excavation damage, the appropriateness of input
values and analytical methods will be evaluated, while examining the applicability of discontinuity

analyses.
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Table 3.9.4-1 Average of petrophysical / mechanical properties (MIZ-1)

. . Unconfined .. Rock mass Angle of
Rock mass || “PRarsnts (Maistire | S Effectiva Compressive Rock Young's Young's Poisson’s = Cohesion @ internal
.. x specific content porosity modulus o . .
classification el (%) (%) Strength *(GPa) modulus ratio (MPa) friction

(MPa) = (GPa) ¢)
A 2.63 0.37 1.10 143.0 50.6 50.6 0.29 39.7 51.1
B 2.62 0.40 1.12 159.6 50.3 50.3 0.27 39.3 52.6
CH 2.63 0.36 0.98 181.3 55.8 49.3 0.27 34.3 52.4
CM 2.59 0.92 243 174.7 53.7 50.5 0.18 37.6 49.3
CL 2.34 5.31 12.65 71.8 20.9 20.9 0.24 252 30.1

* :Method by Central Research Institute of Electric Power Industry (CRIEPI)
** :50% tangential Young's modulus
*¥kx: Revised using the following expression
Rock mass's E =Rock’s E X Fracture coefficient
where; fracture coefficient = (Vpite)”” Vpgab_))2
Vpsite) : P-wave velocity by sonic wave logging
Vp(ab): P-wave velocity by ultrasonic wave velocity test in laboratry

81m

x (S45° E)

(Crack tensor model and virtual fracture model)
Fig. 3.9.4-2 Example of analysis mesh
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Fig. 3.9.4-3 Distribution of rock displacement (Class CH)

% 10-%mem)

5 b
I4 (b)

(a) No Excavation Damaged Zone (b) Includes Excavation Damaged Zone
Fig. 3.9.4-4 Distribution of fracture aperture based on MBC model (Class CH)

(a) No Excavation Damaged Zone (b) Includes Excavation Damaged Zone
Fig. 3.9.4-5 Increase in hydraulic conductivity based on Crack tensor model and virtual fracture
model (Class CH)
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4. Geoscientific study: Technology and technique development

In the MIU project, various types of studies were carried out to improve, in a stepwise manner, the
understanding of the characteristics of the geological environment as described in sections 3.2 through 3.7.
The technologies and techniques required for investigation and analysis were also developed and improved.
Technologies and techniques whose applicability was confirmed in Phase I include those for predicting the
spatial distribution of discontinuities based on a combination of lineament survey and surface geological
mapping, various ground geophysical surveys for accurately determining the spatial distribution of
geological structures and discontinuities and a series of geological, hydrogeological and geochemical
investigations during borehole drilling and in completed boreholes. Geological and hydrogeological
modeling approaches and analysis/estimation techniques for groundwater flow and groundwater chemistry

distribution were also established.

This section overviews the technologies and techniques, which are considered to be important for
effectively and accurately investigating, analyzing and assessing the characteristics of the geological
environment and managing the quality of study results in Phase I. The technical know-how regarding these
technologies and techniques are also described. Appendix 8 summarizes the objectives, background,
troubles and/or achievements, know-how and issues of the respective investigation/analysis techniques for

the geological environment.

4.1 Lineament surveys

Determining the spatial distribution of discontinuities that may affect groundwater flow and groundwater
chemistry is important. Lineament surveys were conducted on several occasions to identify discontinuities
in the local-scale area. When the displacement of faults dipping at high angles exceeds normal weathering
and erosion rates, or when they are subjected to differential erosion, linear topographic features such as
linear valleys or kern-cols would be formed at the surface. The lineaments can be interpreted based on
these topographic features. Lineament surveys are used mainly to identify active faults. Based on
experience to date, it has been reported that lineaments with a length of 3 km or longer correspond almost
100% to discontinuities such as faults or fractured zones identified by surface geological mapping
conducted in locations where lineaments were interpreted”. However, there are a few cases in which the
correlation between small-scale lineaments shorter than several kilometers interpreted from large-scale
images and discontinuities identified by other investigations have been evaluated. Therefore, it is not clear
how short an effective lineament can be for the estimation of discontinuities. Lineaments were interpreted
from images with the largest scale among those commonly used (1:10,000 scale aerial photographs) and an
evaluation was made to determine the limit of the identifiable lineament scale, interpretation accuracy,

etc.z).

A comparison was made with faults and fractures identified by surface geological mapping and
borehole investigations conducted prior to this in order to evaluate whether or not small-scale lineaments

are effective in estimating faults and fractures.

In the lineament interpretation using 1:10,000 scale aerial photographs covering the RHS area, 472
lineaments with lengths of around 100-3,000 m were identified and the trends (direction, distribution
density, length, etc.) of the lineaments were found to differ depending on the surface geological conditions.

A fractal analysis of the results suggested that the size of lineaments that could be interpreted correctly was
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about 300 - 1,000 m in the bedrock (late Cretaceous granite) and about 400 - 1,000 m in the Mizunami
Group (Neogene Tertiary sediments) (regions approximated by straight lines in Fig. 4.1-1; Table 4.1-1).
The images used in this interpretation were on the largest scale of those commonly used for lineament
interpretation. The above-mentioned scale (length of about 300 - 400 m) would therefore be the shortest
limit for small-scale lineament interpretation. As described above, since lineaments are interpreted based
on particular topographic features, the possible width of such features (such as valley width) is in the order
of 20 - 60 m, and was taken to represent the uncertainty of the position of the underlying structure. A
comparison between lineaments extending over around several hundred meters in length and the faults and
fractured zones identified (or inferred) by the existing investigations (surface geological mapping, borehole
investigation, etc.) indicates that the distributions and directions of the lineaments and the faults or
fractured zones were more or less consistent in several cases (lineaments indicated by blue lines in Fig.
4.1-2). This suggests that lineaments extending over around several hundred meters in length may reflect
faults and fractured zones. The results of statistical analyses of fractal properties indicated that the
lineaments and fractures observed in bedrock outcrops have similar fractal properties (Fig. 4.1-3). Thus,
the distribution of fractures with a scale of several to several tens of meters, which are difficult to identify
by outcrop or lineament surveys, may be inferred using the relationship between the lineaments and
fractures.

Lineament surveys and their analysis involve several uncertainties. An increase in interpretation errors may
result from changes in the possible width of the position perpendicular to the extension of the lineament
depending on the difference in scale of the image used in the interpretation, the resolution of the image and
the scale of the topographic map onto which the lineament is transferred. In addition, a lineament cannot
be identified if the topography artificially alters. Differences in the skill of the interpreters are also a cause
of uncertainty and the results of lineament interpretation always contain potential error. Therefore, the
method of inferring the distribution of medium-scale discontinuities based on the relationship between
lineaments and fractures at outcrop inevitably contains a certain degree of error. Regarding future tasks, the
effectiveness of this method should be improved and the uncertainty in the method should be reduced, for
example by acquiring and analyzing data on fractures with a length of several to several tens of meters at
the time of excavation of the underground facilities.
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Table 4.1-1 Lineament length defined from 1:10,000 scale aerial photographsz)

Class Possible Partly possible " Difficult 2 May be impossible "
Basement Rock 300~1,000m Over 1,000m 100~300m Under 100m
Mizunami Group 400~1,000m Over 1,000 m 300~400m Under 300m

*1 ltis possible to define, but estimation of continuity is difficult.
* 2 Scale of lineament that can be interpreted in some case.
* 3 Scale of lineament that can be hardly interpreted.
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4.2 Geophysical survey techniques
Reflection seismic survey

The reflection seismic survey has been developed mainly for characterization of geological structures such
as formation boundaries in sedimentary rock. Thus, the applicability of the method to sedimentary rock
formations is relatively well understood and data obtained using this method and by borehole
investigations are often compared as part of resource exploration carried out in the oil industry and related

sectors. In contrast, the applicability of reflection seismic surveys in granite has not been fully evaluated.

In Phase 1, reflection seismic surveys were conducted on the local and site scales, with the
source/receiving spacing set to 10-20 m and 2-5 m, respectively”. The reflection profile showed reflection
events with good continuity, corresponding to the formation boundaries in the Seto and Mizunami Groups
and the unconformity between the sedimentary rock and the Toki Granite, as well as several reflection
events at depths corresponding to the upper highly fractured domain in the Toki Granite (see also Fig.
4.2-1(a)). Seen overall, the reflection events observed in the granite seemed to be consistent with the
geological structures identified in Steps 0 and 2. However, when compared in detail, some of the
geological structures were not consistent with the individual reflection events”. Therefore, as part of

developing a technique for more detailed interpretation of geological structures in the granite, several
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processing and analysis methods were tested to enhance the signal-to-noise (S/N) ratio of reflection events

in granite and the reflection imaging accuracy.

A sharp velocity contrast between the sedimentary rock and the granite implied problems such as
degradation of imaging due to drastic changes in the waveform obtained in the vicinity of the boundary at
the time of normal move-out (NMO) correction and a relative increase in the amplitude of various types of
noise due to the reduction of reflection amplitude in the granite. Therefore, the NMO correction and
deconvolution parameters focused on the granite were applied without consideration of sedimentary rocks
formations as a simple processing/analysis technique. As a result, compared to the reflection profile
obtained using regular processing/analysis (Fig. 4.2-1 (a)), the reflection profile obtained using data
processing/analysis focused on the granite (Fig. 4.2-1 (b)) agreed better with the events seen in the

synthetic seismogram of the granite created based on data obtained by geophysical logging®.

Processing and analyses techniques such as surface wave suppression, surface-consistent deconvolution,
relative amplitude preservation and pre-stack time migration were also applied. As a result, reflection
events in Fig. 4.2-2 (b) (particularly in the area encircled by red dashed lines in Fig. 4.2-2) agreed better
with the synthetic seismogram that was calculated from geophysical logging data (sonic and density

logging) compared with the result obtained using the regular processing and analyses (Fig. 4.2-2 (a))”.

High-density electrical survey

In regions where the granite outcrops, discontinuities dipping at high angles would be difficult to identify
using reflection seismic survey compared to regions where the granite is covered with sedimentary
formations, because clear reflection events such as formation boundaries in the sedimentary rock that may
serve as indicators cannot be obtained. As part of the development of techniques for investigating
discontinuities under such conditions, a high-density electrical survey was tested in an area where granite
is exposed at the surface”®. The high-density electrical survey is expected to detect discontinuities based
on the difference in resistivity between intact rock in the granite that presents a high resistivity and
fractured zone that presents a low resistivity. As a result, a prominent low-resistivity body with
approximately several tens of Qm, which suggests the existence of a fault, was detected at the edge of the
analysis profile. However, borehole investigations conducted to check the structure of this low-resistivity
body identified no fault at the corresponding depth and also showed an extremely high resistivity
(2,000-5,000 Qm) (Fig. 4.2-3).

The data obtained by the high-density electrical survey were therefore reanalyzed using results obtained by
electrical logging in the borehole, which was validated by a simulation analysis®. Reanalysis was carried
out using smoothness constrained 2-dimensional inversion””. As a result, an artifact image was found to
appear at the end of the survey line in the low-resistivity region in the north-east area when a
low-resistivity formation was present near the surface along the extension of the survey line. The
re-analysis constrained by the results of the electrical logging identified a boundary between the intact rock
and the weathered zone in the granite and three discontinuities dipping at medium to high angles (Fig.
4.2-4). Thus, accurate results could be obtained by the high-density electrical survey using the information
obtained in the borehole to constrain the analysis. Therefore, such an approach would be effective for

accurate interpretation of geological structures in terms of the distribution of weathered zones and
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discontinuities in the granite. In order to further improve the accuracy of the interpretation, it would be
useful to correlate the information obtained in the borehole to the data obtained by the high-density
electrical survey by conducting a resistivity tomography survey for the zone between the borehole and the
surface. When planning investigation programs, it is also important to set the layout of the survey lines

considering the uncertainties of the geological structure concerned.

Multi-offset VSP survey

The multi-offset VSP survey is expected to help in determining the distribution of discontinuities and

fractured zones in greater detail than reflection seismic surveys by supplementing the results obtained by
the latter. As part of the effort to develop techniques for investigating discontinuities, multi-offset VSP
surveys were conducted using boreholes where detailed geological and hydrogeological investigations had
been carried out. As a result, discontinuities in reflection events were identified in the profile obtained by
stacking offset VSP profiles to which the VSP migration had been applied. The discontinuities were
assumed to be faults dipping at a high angle in the deep granite that had been confirmed/inferred by the
surface geological mappings and reflection seismic surveys (Fig. 4.2-5(a)(b))”. For these faults, a VSP
profile was obtained by analyzing and stacking two horizontal components of the 3-component geophone
used in the multi-offset VSP survey, in the same way as for the regular offset VSP survey. Reflection
events estimated to be directly reflected from these faults (arrows in Fig. 4.2-5 (c)) were identified in the
profile thus obtained. Consequently, the distribution of faults dipping at high angles around the borehole

was inferred.

The multi-offset VSP survey is thus useful for supplementing the results obtained by reflection seismic
surveys. In addition, the distribution of discontinuities dipping at high angles in the deeper part of the
geological environment that are difficult to identify by reflection seismic survey can be determined by the
multi-offset VSP survey.
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4.3 Planning of borehole investigations

Borehole investigations are one of the most effective methods for investigating the geological environment
because they allow information on the deep geological environment to be acquired directly from the
surface'”. However, depending on the boundary conditions, various difficulties could occur during the
execution of the drilling and testing activities, e.g. borehole collapse. For this purpose, the plans of
borehole investigations have to be formulated, with consideration of remedial measures in the case of

difficulties, and with the possibility for systematic updates as the investigations progress.

In planning the investigation program, the targets of the investigations should be defined based on the
understanding of the geological environment obtained in previous steps. The layout of the boreholes, and
the individual investigation items and methods have to be optimized and rationalized based on the results
of this understanding as well as restrictions such as time and cost'”. In particular, drilling procedures must
be defined based on predictions of the geological environment, including consideration of the uncertainty
in these predictions; they should include the definitions of alternative procedures and techniques in case
unexpected occurrences, for example, borehole collapse due to brittle rock conditions, fluid loss due to
permeable fractures, etc. It is also important to identify in advance investigation data whose quality may be
affected by such countermeasures and to set acceptable limits for data quality level. This information
should be agreed among the parties involved in advance, and priorities should be set. In the MIU project,
an integrated investigation program was formulated for carrying out investigations in borehole MIU-4 at
the Shobasama Site, shallow borehole investigations at the MIU Construction Site (Step 2) and deep
borehole investigations (Step 3)!DID13) The appropriate borehole diameter for the expected geological
environment, drilling installations such as casing programs and schedules and implementation sections for
investigations such as investigations of borehole wall image, fluid logging (see also Section 4.6), hydraulic
tests (see also Section 4.7) and groundwater sampling (see also Section 4.8) were coordinated in these
comprehensive plans. The results were consolidated in the borehole investigation program as shown in Fig.
4.3-1 for MIZ-1 borehole investigations. Borehole drilling and investigations can be optimized through
such a coordination process. Optional measures against troubles such as borehole wall collapse and fluid
loss were specified in the program plan in addition to detailed methods for achieving the specific goals of
the investigations, such as geophysical logging (see also Section 4.5) and hydraulic tests and quality
control measures. It is also extremely important to formulate plans that integrate advice from experts
within and outside Japan, because relevant information on troubleshooting during borehole investigations

and know-how relating to quality control for data acquisition is seldom readily found.

Borehole investigations provide data on the geological structures, hydraulic characteristic, groundwater
chemistry, local stress regime, etc. The costs and time required for drilling activities or stand-by increases
as the amount of investigations increases. Investigation requirements in multi-purpose boreholes have
therefore to be optimized based on discussions among the parties involved in each investigation. In
addition, data and analysis results obtained in different disciplines should be integrated to allow
multidisciplinary evaluations to be made for better understanding of the geological environment. For this
purpose, an organization structure in the MIU project was established consisting of principal investigators
(PD) in charge of coordinating the different disciplines as shown in Fig. 4.3-2, to supervise the various
teams and to coordinate investigations. In this way, lateral structures were set up in addition to vertical

structures, thereby forming a matrix-type system for implementing the investigationsl4).
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4.4 Borehole drilling

Borehole investigations using drilling fluid involve the introduction of fluids that are different from the
groundwater. In the MIU project, investigations have been carried out according to the basic assumption
that human-induced impacts should be minimized to avoid disturbance to the geological environment'”.
Also, based on the experience from the borehole investigations on the Regional Hydrogeological Study and
Shobasama Site investigations, it was assumed in the MIU project that difficulties resulting from fluid loss
(in which drilling fluid flows out into the rock during drilling) and borehole wall collapse may occur but
the scientific borehole investigations e.g. hydraulic testing and geophysical logging can to a certain degree
still be conducted even when remediation measures are required. Table 4.4-1 shows the basic specifications

of the deep borehole investigations from the surface, mainly covering the Toki Granite.

Borehole diameter
The borehole diameter was set to 5 1/2 inches (approx. 135 mm) or larger. The following describes the

technical background'*'?.
The rock permeability ranges widely from high to low. Because the degradation of data quality due to
pressure loss in the flow lines was of concern, particularly in testing of highly permeable rock,
measures such as the use of larger diameter pipes in the test equipment were required. JAEA therefore
made improvements such as increasing the pipe diameter in the hydraulic test system (see also
Section 4.7). The system was improved based on the assumption that the borehole diameter is 120
mm or larger (equivalent to a drilling pipe of PQ-size or larger) and also considering the need to
ensure higher strength of the drilling pipe based on an incident in which a PQ-size drilling pipe broke
in the MIU-4 borehole (see also Strength of the drill-pipe in this section), resulting in a borehole

diameter of 5 1/2 inches (approx. 135 mm) or larger.

Although sampling of groundwater may be completed in a relatively short period of time when a
highly permeable rock domain is present, the infiltration of drilling fluid into rock due to fluid loss or
lost circulation can also occur rapidly. Drilling fluid that infiltrates into the rock should be recovered
quickly to allow quality-assured hydrochemical data to be obtained. Thus, the diameter of the test
system needs to be enlarged to allow installation of submersible pump such as Mohno pump with the

capability of flow rate above 40 (liters/min).
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The borehole diameter should be large enough to improve the core recovery rate so that a large
amount of geological information (detection of the structure, material for laboratory experiments etc,)
can be obtained from the borehole.

It is possible to have more choice for installation of standard high precision equipments for
geophysical logging, fishing operations, if such cases arise etc.

Consideration should be given to improving borehole stabilization using cement or additional casings,
as measures against fluid loss and borehole collapse. Large-scale fluid loss often occurs when
discontinuities are encountered. Particularly in the case where drilling becomes difficult when
encountering a fault or a similar feature deep underground, it will be necessary to leave open the

option of drilling with a slightly smaller diameter from this depth onwards by setting additional casing

pipes.

Selection of borehole drilling locations

The optimum locations and layout for borehole drilling should be decided considering logistical and
environmental aspects as well as technical and geoscientific reasons based on the goals of the
investigations. Investigations using the deep borehole MIZ-1 in Step 3 were intended to characterize the
major discontinuities inferred based on existing information and the geological environment in zones in the
granite located at a depth of 1,000m or more. Controlled drilling was planned such that the borehole was
initially drilled vertically from the surface to a depth of 250 m; in order to encounter the discontinuities of
interest (subvertical), it was then planned to incline the borehole from the north-east of the URL site to the
south-west in increments of 1.5 degrees for every 30 m to a depth of 460 m, resulting finally in a borehole
with a dip angle of 78 degrees from the horizontal (orange drilling trace shown in Fig. 4.4-1)'013919 The
borehole was drilled by controlled drilling because (1) information on the geological environment covering
a wide range needed to be acquired because it was the last borehole investigation in Phase I, (2) of the
geometry between the source and receiving boreholes to be used in the cross-hole seismic tomography
survey in Step 4 and (3) the limitations that the borehole should not cross the MIU Construction Site or
impede the construction of the surface facilities for the excavation of the underground facilities (see also
Section 3.5).

Managing the drilling trace

The planned control function did not operate effectively in borehole MIZ-1, resulting in a deviation from
the planned drilling trace to a depth of about 500 m by 90 degrees to the east (black drilling trace shown in
Fig. 4.4-1). At this point, considering that adjustment and re-alignment would be difficult, the borehole was
backfilled with cement in the section from the bottom up to a depth of 350 m. From this depth, sidetrack
drilling was conducted in a south-east direction using the wedge method and MWD method (a method for
drilling while measuring the direction to be drilled)'®'”. As a result, the borehole was successfully curved
and adjusted in accordance with the planned direction and dip angle (red drilling trace shown in Fig. 4.4-1).
Planned controlled drilling was then resumed (from a depth of 495 m). From then on, fixed-angle drilling
(at a fixed dip angle and direction) was conducted using the conventional wireline drilling method.
Eventually, the borehole was mostly drilled in accordance with the planned drilling trace (blue drilling
trace shown in Fig. 4.4-1)''"'7_ The reason why the drilling trace could not be controlled according to
plan in the MIZ-1 borehole was that control procedure of the dip angle and direction was insufficient and

the capability of the controlling device used was not sufficient for the strength of the rocks
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10,17
encountered' 7.

Measures against borehole collapse

When a collapse occurs during drilling, operation has to be halted and the planned geophysical logging and
testing carried out to the depth of the collapse in order to secure the characterization of groundwater and
rock formations along this section of the borehole. After completing the investigations, the collapsed area
should be protected with cement before continuing the drilling and proceed with the investigations in
deeper sections. If a further collapse occurs in the cement-protected zone, a casing pipe should be inserted
to the depth of the collapse and the pipe should be firmly fixed with cement before continuing the drilling.
If a collapse were to occur in the shallow underground, the borehole should be enlarged using a
larger-diameter bit before inserting a casing pipe and protecting the collapsed portion with cement. In this
way, drilling can continue in a borehole with a diameter equivalent to that before the collapse. In contrast,
if a collapse occurs in a deeper section, the insertion of casing means that drilling can only continue with a
reduced drilling diameter. It should be anticipated in advance that an alternative drilling method using
drilling mud might have to be applied for cases where further drilling is difficult to carry out. This may be
because the collapse of the borehole wall continues due to the presence of faults or because the delay in
operations due to the time required to implement countermeasures becomes unacceptable. In the borehole
MIZ-1, a collapse occurred in a brittle rock zone due to the influence of a fault over the section 920-980 m
(see also Fig. 3.5.1-1). In this case, the borehole was stabilized by cement injections into the unstable
fractured zone. The borehole was drilled using mud to avoid compromising performance of the
investigations due to delay in drilling and to reduce any difficulties to the drilling activities deeper
underground'”. When drilling mud is used, the quality of cementation could be affected due to the fact that
cleaning the cementation area by the spacer might be insufficient especially in the areas with large

breakout. This results in a poor quality cementation due to poor hardening of the cement (gelation)m.

Management of drilling fluid

In order to investigate hydraulic characteristic and groundwater chemistry, freshwater drilling was used in
the investigations, except when the above-mentioned measures were taken against a collapse. Here,
"freshwater" refers to water from rivers or shallow groundwater reservoirs with a low mineralization (EC
normally less than 1,000 p S/cm). In the case of Mizunami, the chemistry of the freshwater drilling fluid is
nearly equal to the groundwater encountered in the shallower part of the borehole. This water was used to
minimize reactions between the drilling fluid and the groundwater or rock in the investigation area.
Drilling with freshwater can cause on one hand difficulties in removing the drilling cuttings out of the
borehole, and the other hand is not able to create a mud cake on the borehole wall to stabilize the borehole
and/or prevent in- /outflow to the borehole. This may result in the development of borehole breakout as
well as major difficulties during drilling e.g. stuck drilling pipe. The removal of cuttings during freshwater
drilling was addressed by selecting drill-bit for smaller grain size cuttings in combination with an
optimized annulus (between drill-pipe and borehole wall) to enhance the flow velocity of the circulation
water'. In addition, a centrifugal separator was used to facilitate the removal of the cuttings from the
drilling fluid. Attention should also be paid to the circulation pressure to avoid high flow velocity of the

circulating water, which can cause collapse of the borehole.

To quantitatively determine the ratio of residual drilling fluid in the groundwater sampled during the water
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sampling surveys, a fluorescent dye was added to the drilling fluid and its concentration was controlled
periodically to ensure a more or less constant level (see also Section 4.8)and determine any changes in

drilling fluid mass balance (in-/outflow).

Strength of the drill-pipe
In borehole MIU-4 (controlled drilling with a length of about 790 m) at the Shobasama Site, the threaded

portion of the drill-pipe was broken and the pipe became jammed due to insufficient discharge of drilling

cuttings resulting from the collapse of the borehole wall in a fault zone. It took approximately 3 months of
activities to recover the jammed pipe and to stabilize the borehole (injection with cement)'®'”. The
drill-pipe used in the MIU-1 borehole became jammed due to breakage of the temporary stainless steel
casing pipe, causing a delay of about 1.5 months in the drilling work®”. Therefore, special attention has to
be paid to the selection of the strength of the connectors and torque management during drilling and the
strength of the pipe itself, in addition to measures for prevention of borehole wall collapse and drilling

fluid management.

Recording of drilling parameters

Drilling parameters include the following: drilling efficiency, torque, rotational speed, bit load, circulation
pressure; drilling fluid parameters include: drilling fluid balance, temperature, electrical conductivity, pH,
viscosity, density etc. These were measured for a control and, as necessary, an optimization of the drilling
process. Additionally, they can be used as a first “detection” mechanism for the encountered geological
environment during drilling. At the Shobasama Site drilling activities before the MIU-4 operations, only
one data set with average or typical values of the above mentioned parameters were recorded by the
drilling operators for every single drillcore section (about 3 m). Based on experience with drilling borehole
MIU-4 and subsequent boreholes, a monitoring system was introduced to continuously record data on
these parameters, allowing the selection of optimal drilling parameters and hardware configuration for
avoiding borehole collapse. Changes in parameters such as return fluid volume, water temperature,
electrical conductivity and pH were used to determine the depths of important water conducting features.
Data should be acquired promptly to allow an immediate reaction, if needed. During the MIZ-1 borehole
investigations, a telephone line system was installed connecting the drill site and office of the project team,
for constant monitoring of data and a prompt implementation of actions against difficulties; in addition, the

information could be used for pre-selection of test intervals'”.

Sampling of drill-cores

A high core recovery rate is a key issue in borehole drilling. Initially a double core barrel was used,;
although the core recovery rate was over 90%, this method involved problems with the retrieval of the core
from the core barrel, resulting in core damage. In fault zones the recovery rate drops and, most importantly,
fault gauge material from these zones can not be recovered for analysis. To improve this situation, the
triple-core wireline method was used, which introduces a transparent acrylic liner in the inner core barrel'®.
By adopting this method, the damage of cores during retrieval and transfer in the core boxes was reduced;
full cores could be obtained in an almost undisturbed condition, except for isolated cases in brittle rock
zones or some relatively large faults. Even partial cores obtained from the fault zones showed a better

recovery rate compared to previous methods'”.
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Table 4.4 -1 Basic specification for the deep borehole investigationm)

Borehole

. Above 52"
diameter

Casing program Multistage drilling

Drilling water Fresh water tagged with fluorescent dye

Control forthe Monitoring for fluorescent dye concentration and loss of

drilling water drilling fluid during drilling

Coring Triple-barrel drilling method with an acrylic inner core barrel
Fluid loss Plugg.lng with LCM (Lost Circulation

Material, e.g. cellulose)

Borehoile Collapse Partial cementing

protection
Large scale Installation of casing pipes and full hole
collapse cementing

|

Planned drilling locus
(Initial program)

Actual drilling locus
(before improvement)

Planned drilling locus
(after improvement)

Actual drilling locus
(final result)

50 100 m
= = =
Topographic map: 1/1,000 (made by JAEA)

Fig. 4.4-1 Planned and actual drilling locus of MIZ-1 borehole investigation'®

4.5 Geophysical logging
Zones with extensive fracturing are expected to affect the groundwater flow characteristics of the deep

geological environment’", and determining the distribution and geological/hydraulic characteristics of
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such zones is an important item for investigation. Thus, when conducting borehole investigations, the
distribution and characteristics of fractured zones are investigated and evaluated by core logging,
investigations of borehole wall image, etc. However, the interval of a fractured zone is difficult to
determine accurately because in general, the definition of a fractured zone and its objective criteria for
identification have not been clearly specified. In order to develop objective definition and identification
criteria, a principal component analysiszz) was conducted using multiple data obtained by the borehole wall
imaging, geophysical logging, etc., which allows continuous quantitative data versus depth to be obtained.
The fractured zone and the background fractured rock are then distinguished from one other based on the
principal component scores (Fig. 4.5-1). However, the anomalies identified by statistically processing the
difference in the scores of the principal components tend to not clearly identify zones such as fractured
zones and alteration zones with property values different from those of the background fractured rock (Fig.
4.5-1). Therefore, the level of fracturing in the core and the degree of alteration should be checked to make
the final decision regarding the definition of fractured zones. This method is considered to be generally
effective to distinguish background fractured rock from fractured/ altered zones because the degree of
fracturing or alteration is greater when the principal component score is lower and because no distinct
fractures were observed in the zones identified as background fractured rock based on the principal

component scores®.
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Fig. 4.5-1 ldentification of fractured zone intervals using the principal component analysis based

on geophysical logging data (DH-15)

4.6 Fluid logging

Since fractures (fractured zones) act as the main conduits for groundwater flow in fractured media such as

crystalline rock, determining their locations is important to allow such features to be reflected in the

- 210 -



JAEA-Research 2010-067

hydrogeological modeling and in analyzing groundwater flow. In the investigations in Steps 2 and 3, fluid
electrical conductivity (herein after FEC) logging was conducted to identify water conducting features with
a high resolution. In this method, the borehole fluid is replaced by fluid with an electrical conductivity
which is different from that of the groundwater (e.g. de-ionized water or saline water). Then electric
conductivity logs of the fluid are measured along the borehole before and during a pumping phase
periodically. Thus water bearing fractures with an inflow into the borehole create changes in the electric

conductivity profile*?.

In the investigations in Steps 2 and 3, borehole fluid was replaced with de-ionized water. This allowed the
identification of inflow points of groundwater (Fig. 4.6-1) which has not been detected by the classical
flow-meter logging methods, which is generally used for the detection of water conducting features™®.
The hydraulic tests with test interval covering the detected inflow points indicated that water conducting
features with a transmissivity higher than 10 m*s™ could be detected by the FEC logging. As a result, it
was confirmed that this logging method is capable of detecting water conducting features with a
transmissivity two orders of magnitude lower than that detected by flow-meter logging method using

impeller or electric-magnetic flow-meter etc.

As mentioned above, because the FEC logging determines the position and transmissivity of water
conducting features based on the contrast in electric conductivity in groundwater, the measurement results
reflect not only the hydraulic characteristic but also the groundwater chemistry. More specifically, if the
groundwater has more or less constant electrical conductivity (i.e. similar groundwater chemistry), and if
there are no significant variations of the formation hydraulic head along the borehole, the strength of the
electrical conductivity signal is proportional to the hydraulic conductivity of the water conducting features.
Therefore, a greater volume of groundwater would be assumed to have intruded in an area with a higher
electrical conductivity signals. It should be noted that for correct interpretation of fluid logging results, the
interaction between hydraulic properties, hydraulic head and salinity of the water conducting features

should be always carefully evaluated and considered.

The impact of drilling mud may be an issue for fluid logging in general, including FEC logging. One
example of the impact of drilling mud would be clogging of water conducting features caused when the
mud extrudes into an otherwise highly water conducting feature during drilling, which may result in the
degradation of the hydraulic characteristic around the borehole. In such cases, fluid logging may
underestimate the hydraulic characteristic of the water conducting feature because the hydraulic

characteristic around the borehole is reduced.
Thus, in order to properly evaluate permeability along a borehole, it is appropriate to conduct fluid logging

in combination with hydraulic testing so that the hydraulic characteristic of water conducting features

identified by the fluid logging can be verified by the hydraulic test results.
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Fig. 4.6-1 Results of fluid logging and hydraulic test in 500m borehole

4.7 Hydraulic testing

Single-hole hydraulic packer testing is an important method for characterizing the hydraulic properties (e.g.
hydraulic conductivity, storativity) of the rock formation of interest, determining the system state (e.g.
hydraulic pressure), which are important parameters for developing, testing and improving
hydrogeological models. In order to ensure sufficient quality of test data for rocks with a wide range of
hydraulic characteristics (hydraulic conductivity in the order of 10"%10°m s' ?7*¥), a series of
improvements were successfully undertaken on JAEA's packer test equipment, and testing procedures and
data evaluation methods'® were further developed during Phase 1.

The previously developed hydraulic packer test system for low permeability rocks developed by JAEA®
had small diameter lines (only a few millimeters in diameter) because that system focused mainly on pulse
and slug tests. Therefore, when the system was used for testing more permeable rocks, it was difficult to

ensure the quality of the test data because of pressure loss due to flow resistance in the lines. The test
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system was improved to include larger diameter lines and to minimize the pressure losses in them. In
addition, an improved pump that can deliver large volumes of water (Fig. 4.7-1(a) and Fig. 4.7-1 (b)) was
developed to reduce the impact of borehole storage by maximizing the flow to get the test data out of the
so-called wellbore storage period as quick as possible. This is one of the problems in evaluating the
hydraulic conductivity of rock by means of pumping tests, and to obtain, over a longer period of time, data

in the time span in which the proper evaluation of hydraulic properties would be possible.

Standardized hydraulic packer tests conducted in both high and low permeability formations require, as is
expected, a longer period of time to be completed in the low permeability formation. The time that can be
spent on hydraulic testing may be restricted by the project management to be able to keep the overall
borehole investigation schedule. When only one a standardized test sequence is performed, the quality of
test results will differ depending on the rock permeability. Thus, a flexible testing procedure (sequential
hydraulic test: Fig. 4.7-2) was developed™ in which an appropriate set of test types could be objectively
selected depending on the expected and continuously derived permeability of the test section, ensuring an

increased quality of test results.

The sequential hydraulic test involves, first after the so-called pressure static recovery period (PSR), a
pulse withdrawal or injection test (PW/PI) ,which is an effective method for estimating hydraulic
conductivity of rocks with low permeability, to roughly estimate the permeability of the rock, and followed
by subsequent tests depending on the results of the first pulse test. For evaluation of the test data, a
derivative plot of pressure variation was adopted’ D to identify whether, for example, the data obtained
correspond to the representative permeability of the rock away from the borehole and hence whether the
test sequence could be stopped. The derivative plot of pressure variation also facilitates identification of
any encountered hydraulic boundaries and the appropriate flow model for the test interpretation. This
method allows reduction of the scatter of the evaluation results resulting from differences in the experience
of different testing/interpreting engineers. Using the derivative plot also helps researchers to decide the
appropriate time for completing and terminating the measurement because the plot can also indicate the
actual status of the test period (early, mid-time or late-time response) and the time needed for the

convergence of the pressure measurement in order to be able to identify or derive a flow model.
Applying the test equipment described above and a series of test methodologies to borehole hydraulic tests

allowed hydraulic properties to be determined within the usual limited time available while ensuring data

quality. The field applicability of the newly developed method was confirmed repeatedly in the field.
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Fig. 4.7-2 Sequential hydraulic test

4.8 Hydrochemical investigations

When sampling groundwater in a borehole drilled in a fractured medium such as crystalline rock, sampling
should be conducted where the borehole encounters water conducting features in the formations of interest
(as evidenced, for example, by drilling fluid losses or groundwater inflows) through pumping or natural
outflow, in case of artesian conditions. The time lapsed between drilling through the water conducting
feature and the start of water sampling period can significantly affect the hydrochemical data quality.

In the deep borehole investigations at the Shobasama Site (boreholes MIU-1, 2 and 3), groundwater
sampling was scheduled and conducted after the borehole had been drilled to the target depth (1,000 m).
During this procedure, however, the borehole encountered a fracture (fractured zone) where drilling fluid
was lost and a large volume (several tens to several hundreds of cubic meters) of drilling fluid infiltrated
into a fracture (or fractured zone) by the time the sampling started. The water sampling could no longer be

conducted within a reasonable duration as the contaminated water had to be removed in order to get more
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or less “clean” formation water. Under normal conditions, a water sample with less than 10 % of
contamination by drilling fluid is aimed at. To achieve this, groundwater sampling in MIU-4 and MIZ-1
boreholes was conducted in combination with a standard hydraulic pumping test for determining the
hydraulic properties during the drilling phase. To reduce the volume of drilling fluid infiltrating into the
rock, the procedure followed was designed to halt drilling and conduct a pumping test as soon as
significant drilling fluid losses occurred. The aim was to get a more or less uncontaminated sample
(drilling fluid contamination below 1 %) or at least until a minimum number of good quality samples were
recovered, representing a series of samples with different levels of contamination. Normally, this allows
the uncontaminated hydrochemical data of the formation to be extrapolated. What is important for the
success of the procedure is to be able to determine the exact rate of contamination by the drilling fluid (%)
at the start of the sampling period. The method described below was examined and used in the
investigations®”*?. A basic requirement is to keep the concentration of fluorescent dye, which is added to
drilling fluid, at a more or less constant level. The physico-chemical parameters such as pH, electrical
conductivity, redox potential and/or oxygen concentration were measured continuously during the entire
pumping phase of the water sampling test. The groundwater chemistry (major components) and
concentrations of fluorescent dye in the groundwater discharged during the pumping test were analyzed
and measured on a regular basis. Additionally, batch samples were taken to determine the development of
tracer content and major elements. Groundwater was then sampled when the concentration of the
fluorescent dye was sufficiently low (aiming at < 1% drilling fluid contamination) whereby the
physico-chemical parameters would no longer change significantly. In cases where the concentration of the
fluorescent dye could not be reduced sufficiently, the groundwater chemistry of the formation not
contaminated by the drilling fluid could be estimated through extrapolation, based on the relationship
between the concentration of the fluorescent dye and the groundwater chemistry. Thus, the real formation
groundwater chemistry could be determined based on the results of chemical analysis of the periodic
samples taken during the course of the drilling fluid discharge process. However, for isotopes and
groundwater species (e.g. aluminum ion) whose concentration is too low or tends to be changed by
water-rock interactions (thus cannot be correlated with the concentration of the fluorescent dye), their
concentrations cannot be determined by extrapolation. Consequently, the drilling fluid contamination
should be lowered as much as possible. In order to use such a method, a binary mixture of drilling fluid
and groundwater needs to be assumed and the tracer content and the chemistry of the drilling fluid should
be kept constant throughout the entire investigation period. For this purpose, pH and electrical conductivity
of the drilling fluid was constantly monitored so that the drilling fluid could be adapted when variations in

water chemistry were observed. In extreme cases the drilling fluid can be replaced.

One of the drawbacks of the water sampling method with a normal pumping test on the surface is the
possible change in concentration of dissolved gas and physico-chemical parameters due to degassing
during pumping. A certain backpressure at the surface could form which can be solved by sampling the
groundwater under in-situ pressure conditions using a batch-type sampling bottle inserted directly into the
test interval section. If this is not possible, alternatively a water sample should be taken directly above the
downbhole shut-in tool by using a dedicated sampling system after the pumping test has been completed and

the pump equipment has been dismantled.

The real need for groundwater sampling should be considered in terms of the specified investigation goals
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and duration (and hence cost), because uncontaminated groundwater sampling could take much longer than
originally planned and calculated. The time needed for a clean water sample and at least the success of the
entire sampling activity depends on the total amount of drilling fluid loss in the test interval section and the
permeability and head of the test interval. When sampling is to be carried out, it is important to consider in
advance the selection of the appropriate groundwater sampling method and planning of field work to

ensure the required data quality.

If the allocated time for groundwater sampling during the entire drilling and testing period of the borehole
is not sufficient, formation groundwater can in some cases be sampled using batch-type sampling bottles
prior to the installation of the long-term groundwater monitoring system, after drilling has been completed
for the entire length of the borehole®”*¥. Using this method, however, the borehole which acts as a conduit
between the different permeable systems, may lead to mixing of waters from different systems, until the
installation of the long-term groundwater monitoring system, due to the difference in hydraulic head
between the aquifers. In such cases, the monitoring equipment should be installed as soon as possible, but
in any case a sampling program that extends over a long period should be designed to confirm that the
chemistry of the groundwater sampled from the various water conducting features has not been affected by
that of other systems. It should be noted that the installation of casings into the borehole and the
cementation of these can make it impossible to get high quality water samples from such long-term

monitoring boreholes of specific areas.

Disturbances of the geological environment induced by borehole drilling are also normally experienced
during the investigations. In the site-scale borehole investigations, the adhesion to the borehole wall of
black iron compounds (mainly iron hydroxide and iron sulphide) assumed to be formed by the reaction of
iron in the drilling fluid and hydrogen sulphide gas was observed by borehole wall imaging®?. The iron
contained in the drill bit was dissolved in the drilling fluid after abrasion and iron compounds were
expected to be formed by the reaction of the dissolved iron and sulphides in the groundwater. These iron
compounds may alter the redox potential of the groundwater because they could be a major controlling
solid phase for the redox reaction. Thus, in order to obtain the redox potential of groundwater, the redox
reaction of a redox reactant present in rocks and a human-induced redox reactant formed underground
during drilling should be predicted in advance based on thermodynamic calculations. In addition,
investigations of borehole wall image should be conducted to check whether there is a human-induced

solid phase precipitation due to redox reactions.

4.9 Initial stress measurement

Initial rock stress is one of the most important factors in the design and excavation of the underground
tunnels and has a significant effect on the layout and stability of the underground facilities. A large number
of initial stress measurement techniques have been proposed thus far, ranging from those in commercial
use to those under development®”. Initial stress measurement techniques can be roughly classified into two
categories: one using boreholes and the other using core samples. Examples of the former include
hydraulic fracturing and stress relief techniques. The latter includes the Acoustic Emission (AE) technique,
Deformation Rate Analysis (DRA) and Differential Strain Curve Analysis (DSCA) based on the behavior
of micro-cracks in the cores. These techniques were used as the investigation methods in Phase 1. Note also

that estimation of stress states can also be performed with geodetic evaluation methods, such as
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land-surveying and GPS information, in combination with modeling.

When the underground tunnels to be constructed are large, or when the drifts are designed in three
dimensions, the 3-D principal rock stresses data is needed. However, since there is no practical method for
measuring 3-D initial stress states with just one deep borehole, the 3-D stress states were evaluated using a
combination of results of hydraulic fracturing, AE technique, DRA and DSCA. The stress relief technique
was found to be the most reliable and established method of the borehole techniques; it determines the 3-D
principal stresses without providing a hypothesis regarding the magnitudes and directions of the principal
stresses for the calculation of values’®. The stress relief technique evaluates the initial stress in the
following manner: first, a pilot hole with a small diameter is drilled at the end of a borehole and a strain
gauge is installed in the pilot hole. The pilot hole is then overcored, aligning the axis of the overcoring
borehole with that of the pilot hole so that the stress acting on the rock in which the strain gauge is
installed is released. The initial stress is then obtained based on the value for elastic recovery measured at
the time of stress relief. There are few cases of initial stress measurement using the stress relief technique
in deep boreholes, because of difficulties due to water and heat resistance. Thus, a measurement system
was developed to solve these difficulties and to enhance the applicability of initial stress measurements

based on the existing stress relief technique for deep boreholes.

The initial stress measurement system developed (Fig. 4.9-1) consists of a strain gauge cell and a
cementing tool for measuring the strain at stress relief, a data logger for recording the strain at stress relief,
a magnetic compass, an inclinometer and a power supply system (lithium battery). The data logger, etc. are
contained in the upper cell (pressure container) made of stainless steel, which is capable of withstanding
water pressure at a depth of 1,000 m. Although two types of strain gauge cells (embedding type and hole
wall attachment type) were used in the investigations, other types of cells can also be used. The embedding
type strain gauge cell used in the present system has a structure in which the cementing tool at the tip
removes the well water when it is pushed into the bottom of the pilot hole and adhesive cement is applied
around the strain gauge cell. The hole wall attachment type strain gauge cell has a structure in which three
units of rosette strain gauges are directly attached to the wall of the pilot hole when the cementing tool is
pushed into the bottom of hole. With the adoption of a scheme that describes the sequence of processes,
starting from the drilling of the pilot hole through the installation of the initial stress measurement system
and to the overcoring for the wireline system’”’, the efficiency of the measurement process was
significantly improved. The new scheme allowed the initial stress measurement procedure, which

otherwise takes several days, to be completed in six hours.

Initial stress measurements using the newly developed system were carried out in a borehole drilled from
the ground surface at the Tono mine (Toki City, Gifu Prefecture), when the borehole had reached a depth of
200-250 m. The rock in question was the Toki Granite and the test was conducted at a point in the zone at a
depth of 200-250 m where there were no natural fractures. As a result, a continuous change in the strain
associated with stress relief was measured (Fig. 4.9-2), demonstrating measurement of the initial stress

states in a deep borehole by means of the stress relief technique™.

As shown in Fig. 3.5.6-1, the initial stress states may vary significantly depending on the existence of

discontinuities such as faults in particular. Therefore, the distribution of major discontinuities should be
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determined before planning the measurement work.
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Fig. 4.9-2 Measured stress relief curves®

4.10 Geological and hydrogeological modeling and groundwater flow analysis

For effective characterization of the geological environment, it is important to clarify, in a stepwise manner,
the relationship between the number of investigations and the level of understanding or uncertainties
regarding the characteristics of the geological environment, as well as to specify key factors to be
characterized in subsequent investigations. All models of geological environment (geological model,
hydrogeological model, hydrochemical model and rock mechanical model etc) should be developed for
this purpose and updated as required based on additional findings®”. In addition, investigations using a

geological environment model as a tool should be required since the following advantages are envisaged.

The entire site investigation process can be organized into a chronological order and information that
contributes to effectively formulating similar investigation plans may be provided by recording
information obtained at each investigation stage.

Modeling and visualization of various types of technical information would facilitate not only sharing
of knowledge among researchers from different disciplines but also providing information to the

wider public.

For effective characterization of the geological environment, it is also important to interpret the obtained
data and develop models of geological environment as soon as possible after the investigations and to plan
subsequent investigations based on the results. To support the rapid development of such models, the
Geological Modeling Analysis and Simulation Software (GEOMASS) system that integrates software and
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analysis codes required for a series of tasks ranging from geological and hydrogeological modeling to

groundwater flow analysis was developed™.

The GEOMASS system consists of EarthVision®, which supports the development of the geological
model and visualization of the results of the modeling and groundwater flow analysis, and Frac-Affinity,
which is used in hydrogeological modeling and groundwater flow analysis (Fig. 4.10-1). EarthVision® is a
commercially available software developed by Dynamic Graphics, Inc. for modeling the geometry of

complex geological structures*”.

Frac-Affinity is a groundwater flow analysis code for spatial
discretization (grid generation) and numerical analysis based on the geological model developed with

EarthVision®*?,

This system has advantages in that the modeling and numerical analysis are integrated and both
discontinuities and rock matrix zones can be taken into account simultaneously. The former saves effort, in
particular in terms of the time required to revise or reanalyze the model when additional information is

obtained. The latter allows more realistic representation of groundwater flow conditions.

(a) EarthVision®

EarthVision® has been applied for modeling the complex geometry of geological structures, areas relating
to the investigation and exploitation of oil and natural gas and so on. It is a well established software
system that has been used for geological modeling at Sellafield (Nirex), Wellenberg (Nagra), the Aspd
HRL (SKB) and Yucca Mountain (USGS, USDOE)*. The construction of geological models with
EarthVision® involves estimating the geometries of boundaries between formations and discontinuities
such as faults and combining these geometries taking into account their relative positions and sequence of

geological formation.

A data output function (Frac-Affinity Export) for the groundwater flow analysis code Frac-Affinity has
been added to the software, thus facilitating data exchange between EarthVision® and Frac-Affinity.

(b) Frac-Affinity Interface

Frac-Affinity Interface was developed as a module for converting data to be processed between
EarthVision® and Frac-Affinity. Based on the geological model created by EarthVision®, Frac-Affinity
Interface automatically generates the grid for conducting a numerical analysis with Frac-Affinity. Users
can specify several control parameters (e.g. the lower limit of the cell size) for the grid size. Frac-Affinity
Interface allows users to specify, as needed, points, lines and surfaces for which results are to be monitored.

It also facilitates output of the changes in analysis results at a certain point.

(c) Conversion of analysis result data by Frac-Affinity

A file used to visualize distributions of properties (hydraulic conductivity, porosity, specific storage
coefficient, etc.), hydraulic head, flow rate, flux, etc. is output based on the analysis results calculated with
Frac-Affinity.

(d) Frac-Affinity

Frac-Affinity is a numerical analysis code for conducting, based on the mass conservation law, a
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groundwater flow analysis by means of the finite difference method. In Frac-Affinity, porous and fractured
media can be simultaneously represented as a hybrid medium (Fig. 4.10-2). The software also has the
following advantages: it facilitates the modeling of curved structures such as faults, both deterministic and
stochastic fractures can be considered, the property values for the porous medium and deterministic
fractures can be set heterogencously based on a geostatistical method using the fractal law*?4¥%%),
hydraulic anisotropy can be assigned to the deterministic and stochastic fractures and tunnel excavation

can be taken into account.

With this system, geological/hydrogeological modeling and groundwater flow analyses were conducted for
the site-scale area in each of the steps described in section 3 (Fig. 4.10-3). The system made it possible to
develop a geological model of an area in which a number of lithofacies (granite, sedimentary rock) and
faults are distributed in a complex manner, while checking the visualizations (Fig. 4.10-3). Grid generation
for the groundwater flow analysis (discrete model) was done automatically based on the geological model,
thereby reducing the effort required for complicated grid generation. The automatic generation function of
the discrete model is particularly effective for reducing the effort required for modeling complicated
geological structures and conducting groundwater flow analyses based on the model, and for developing a
number of models (e.g. for sensitivity analysis). The visualization of the results obtained by the

groundwater flow analysis allowed effective evaluation of the analysis results (Fig. 4.10-3).

As described above, adopting a system that integrates the software and the analysis code required for a
series of tasks ranging from geological and hydrogeological modeling to groundwater flow analysis,
resulted in a significant reduction of the time and effort necessary for such tasks, at the same time allowing
revision of the model for integration of additional information. The system also allowed a geological and a
hydrogeological model to be constructed immediately after completion of the investigations, whereby the

investigations could be functionally combined with modeling of the geological environment.
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Fig. 4.10-1 GEOMASS system working flow
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Fig. 4.10-2 Schematic of the constituent components of a hybrid medium
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Fig. 4.10-3 Geological / hydrogeological modeling and visualization of the groundwater flow
analysis result by using GEOMASS system (Step 4)

4.11 Quality control

In order to continually improve the credibility of R&D results on geological disposal techniques and
characterization of the geological environment, it is necessary to provide the various stakeholders involved
in the different phases of the disposal project with the results of R&D work to allow them to understand the
validity of the results; this also applies to the formulation of national safety regulations. Focusing on
transparency, traceability, openness and expert review is essential for assuring the quality of R&D results.
For this reason, the action program for the MIU project includes clear implementation plans for the various
investigations, such as borehole investigations and geophysical surveys'?. These plans should include
work schedules, organizational structure, investigation/analysis methods to be employed, countermeasures
against expected difficulties, and work procedures and checklists for quality control and safety assurance,
which require the approval of the person in charge of quality control at the beginning of each investigation.
When the investigation is outsourced to a third party, in particular, those involved in the investigations

should be thoroughly informed of the goals to be achieved, the data quality to be ensured in the
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investigations, etc. through the formulation of an implementation plan. Since the work scope will vary for
the borehole investigations, quality control plans were prepared for the investigation work according to the
investigation program (see also section 4.3), which integrates the implementation plans for the respective
investigations. In the deep borehole investigations (borehole MIZ-1) in Step 3, plans were prepared for
operations such as drilling, core logging, laboratory examinations on cores, investigations of borehole wall
image, geophysical logging, hydraulic tests and analyses of well water, drilling fluid and pumped samples

to ensure the quality of the results'”.

To successfully achieve the investigation goals, it is necessary to plan in advance, for various possibilities,
for example borehole wall collapse or fluid loss, and to prepare countermeasures for each of these events.
A delay in implementing the required measures will result in increased costs, and, as the situation worsens,
the affected area becomes more difficult to restore. From the scientific point of view, there would be an
adverse effect on the investigations concerned, a delay in analysis and evaluation, possibility that there will
be no opportunity for including the findings in subsequent investigations, or, at the extreme, that the entire
investigation plan might have to be postponed due to redirection of the available resources. These
situations would be extremely serious for the investigation approach aimed at increasing the understanding
of the geological environment based on an iterative approach'”. Thus, reviews by experts who have
experienced similar situations would be extremely valuable. Finally, the Process Decision Program Chart
(PDPC) used in the borehole investigations in the MIZ-1 borehole may also be very useful for future

practical applicationsls).
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5. Development of engineering technologies for deep underground application

Two of the goals of the MIU Project are (a) to confirm the reliability and applicability of
techniques for investigating the geological environment through their implementation, and
(b) to establish the basis for engineering techniques for the construction and maintenance of
the shafts and galleries. The aim is to acquire information and demonstrate techniques
through designing and constructing the underground facilities based on information on the
geological environment. The excavation of the shafts and galleries, one of the major goals,
allows the verification of the techniques for the investigation of the deep geological
environment and access to the zone to be investigated. The experience acquired and
techniques developed when designing, constructing and maintaining the shafts and research
galleries will be used as the technical basis for drift excavation in the detailed investigation

stage in the actual disposal project.

More specifically, the shafts and galleries constructed deep underground that are required for
the investigations will be designed based on information on the geological environment
obtained in Phase I of the MIU Project, applying currently available civil engineering and
mining technologies. In Phase II, with feedback from the results obtained, the shafts and
galleries will be constructed safely and efficiently. By then it will have been demonstrated
that research locations for Phase III can be provided and successfully maintained and
managed. Establishing methodologies for evaluating the impact on the geological
environment caused by the excavation of the shafts and galleries and developing techniques
for restoring/minimizing the excavation damaged zone near-field of the underground
facility is also an important issue. The latter also contributes to the development of
techniques required for the design and construction of the disposal facility and the

engineered barrier system.

As a major research facility, the MIU has to provide an environment for implementing
geoscientific research as well as for promoting public understanding of the deep geological
environment, as indicated in the Framework. This role needs to be taken into account in the
design and construction of the facilities.

This section presents an outline of the information on the geological environment relevant for
the design of the shafts and galleries acquired in Phase I of the MIU Project for granite (hard
rock) and the results of cavity stability analyses. Know-how and experience built up are also

presented.

5.1 Study on design and construction of the shafts and research galleries in Phase |

5.1.1 Approach

Detailed design of underground facilities, such as the MIU, should generally be conducted
after the conditions of the geological environment at the site have been defined to some
extent, 1.e. when the Phase I investigations are sufficiently far advanced to allow efficient and

economical design processes to be implemented. In the MIU Project, the design of the facility,
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which was conducted in parallel with the Phase I investigations, was initiated at a time when
there were only a small number of investigation boreholes in/around the MIU Construction
Site. Therefore, the discussions in this report include information on how the design was
updated with the progress of the Phase I investigations.

In particular, no information from boreholes reaching to a depth of 1,000 meters - the planned
depth for the shafts and galleries - was available for the initial design phase, which included
the layout and size of the facilities and support infrastructure. The only information came
from borehole DH-2, with a depth of 500 m, which had been drilled for the regional
hydrological study. The initial design was based on this information and data from borehole
MIU-1, which did not intersect the Tsukiyoshi Fault. The latter borehole reached a depth of
1,000 meters at the Shobasama Site, where the geological structures are similar to the MIU
Construction Site. This allowed to make the necessary assumptions to be made regarding the
geological structures and the rock classification at the planned locations for shaft and gallery

excavation. This information corresponds to that in Step 0 discussed in Chapter 3.

The design was later revised based on data from the shallow boreholes (MSB-1,2,3,4)
approximately 200 meters in depth, which reached the Toki Granite, and the deep borehole
MIZ-1, 1,300 meters in depth, drilled at the MIU Construction Site. The revised design is
referred to hereafter as the adjusted design. This information corresponds to that in Steps 2

and 3-Discussed in Chapter 3.

The above design primarily related to the rock mass rating classes, cavity stability and rock
support systems. In Phase II, various data on the geological structures and rock conditions
will be obtained and application of intelligent construction methods incorporating this
information will lead to more appropriate design and construction. The feedback mechanisms

for additional data were therefore studied in Phase I.

Compared to other civil engineering structures such as roads, rails and tunnels, the shafts
and galleries will extend to a great depth, have a complicated layout and will be visited by
various categories of people (scientists, the public, etc.). In this context, important issues to
be addressed in the design should include cavity stability during earthquakes, contingency
measures for emergencies and disaster prevention based on ventilation network analysis and

safety measures. These issues are also discussed in this section.

5.1.2 Layout of shafts and research galleries

Two type of access to the deep underground - shafts and inclined tunnels - were compared and
the shaft was adopted based on its advantages in terms of costs, construction period and
required construction area. For the investigations in Phase III, it is planned to excavate two
shafts (a main shaft and a ventilation shaft) and drifts at various depths (middle stages and
deepest stage)?-?. The preliminary layout of the shafts and galleries is shown in Fig. 5.1.2-1
and outlines of the shafts and galleries are described in Table 5.1.2-1 and Table 5.1.2-2

respectively.
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According to standard tunnel specifications for mountain construction methods® issued by
the Japan Society of Civil Engineering, there should be no mechanical interaction between
drifts when they are separated by a center-to-center distance of twice (in the case where the
rock is a completely elastic body) to five times the tunnel diameter (in the case where the rock
is soft). Therefore, the center-to-center distance of the two shafts was set as 40 meters to
ensure a separation of 5 times the tunnel diameter (7.3 meters).

Ventilation
shaft

(¢ 4.5m)

Mainshaft
($6.5m)

Layout of shafts and galleries
®Maximum depth : 1,025m
®Main stage : depth of 1,000m
*Middle stage : depth of 500m
®Sub stages : every 100m
Specification of shafts
®Access : Shaft
*The number of access shaft : 2 shafts
*The interval of access shaft : 40m
Main stage *Shapes : Circle

®Inner diameter :
i LU Main shaft : ®6.5m
Ventilation shaft : ®4.5m

Fig. 5.1.2-1 Conceptual Design of Mizunami Underground Research Laboratory

Table 5.1.2-1 Overview of Shafts

Main Shaft | Ventilation Shaft
-To reach depth of investigation galleries
-To confirm Phase I geological model
- To confirm the validity of the support plan
Aims * Mucking route from + Ventilation system for
galleries to the surface shafts and galleries
- Transport route for
construction and research - Space for new hoist cage
equipment
Depth 1,025 m 1,010 m
During
Diameter| excavation 73m 53m
Final 6.5m 45m
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Table 5.1.2-2 Overview of Galleries

Main Stage Middle Stage Research Galleries Sub Stage

»Connect both shafts

+ Main investigation
stage to understand the | - Measuring station to
geological impact observe for rock mass
depend on the depth at [behavior around EDZ of
GL. -500 m (Half depth |Main and Middle Stage | - Additional

= Space for excavation
and investigation
equipment

* Main investigation
Aims |stage at GL. -1,000 m
depth (MIU target depth)

of MIU target depth) investigation galleries
for depth dependent
studies
Depth 1,000 m 500 m 472m, 528m, 970 m every 100 m
Length 770 m 770 m 240 m 32m

5.1.3 Rock stability around the underground facilities and supporting infrastructure

(1) Approach of the study

This sub-section describes the results of stability analyses for the shafts and galleries and
rock support systems for the initial design. The overall flow diagram for the analyses is
shown in Fig. 5.1.3-1. The numerical analyses include defining parameters based on
information available at the time of the initial and detailed designs of the MIU, establishing
rock support patterns based on the defined parameters and validation of the support pattern

based on measured data.

In accordance with the approach used in the H12 Report?, for the analyses of the stability of
the shafts and galleries and the support system, the rock mass was classified based on
information from surface-based investigations and physical properties were assigned to each
class. The support system was temporarily established referring to the standard support
patterns of the Japan Railway Construction Corporation® and the Japan Highway Public
Corporation®. For the temporary system, the mechanical stability of the shafts and galleries
was analyzed by 2-D and 3-D finite element analysis methods. The support was designed in
such a way to keep induced stress in each support member below allowable limits. The details
of the analysis results are described in the following sub-sections.

(2) Prerequisite conditions for the design

1) Rock mass classifications

The locations of the borehole investigations conducted in/around the MIU Construction Site
are shown in Fig. 5.1.3-2. The results of the investigations in the following boreholes were
considered: borehole DH-2 (approximately 500 meters deep), which was drilled closest to the
planned shaft location and extends into the granite; borehole MIU-1 (approximately 1,000
meters deep); one of boreholes drilled at the Shobasama Site, which did not penetrate the
Tsukiyoshi Fault.

In the adjusted design, referring to the results from the 3-D structural geological model in

Step 3 in/around the MIU Construction Site, as well as the investigation results from
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borehole MIZ-1 reaching a depth of approximately 1,300 meters at the MIU Construction Site
as shown in Section 3.5.1, the rock properties used were updated and parametric studies
were conducted for depth and rock classification. The rock classification developed by the
Central Research Institute of Electric Power Industry of Japan (CRIEPI)? was applied.

2) Rock properties

The parameters for rock properties were set as shown in Table 5.1.3-1 in the initial design,
based on the results of the existing investigations as described in Section 3.2.68. The
properties of granite that are less dependent on rock classification (unit weight, Poisson's
ratio, internal friction angle) were derived directly from average values from laboratory tests
using cores, while those dependent on the rock classification (uniaxial compressive strength,
elastic coefficient and cohesion) were categorized into three types using a reduction rate
(k=(Vp/vp)2), defined by vp, the elastic wave velocity measured for cores, and Vp, measured for
rocks by geophysical logging, the average values (m) for each item and the standard deviation
(0); Class B (m x k), Class Cu ((m-0) x k), Class Cu ((m-20) x k). For the sedimentary rock, the
properties of the CLclass were taken as the average values for the tests conducted when the
second shaft was constructed at the Tono mine and those of the D class as the minimum
values for the tests conducted in/around the MIU Construction Site using cores. For the
adjusted design, the cores from borehole MIZ-1 were classified using the CRIEPI method? as
described in Section 3.5.6. The properties of granite were set in two ways, one using the
average value of the test results in the same rock classification (unit weight, axial
compressive strength, Poisson's ratio and internal friction angle) and the other multiplied by
the reduction rate based on the above elastic wave velocity (elastic coefficient and cohesion).
The results are shown in Table 5.1.3-2.

The initial stress values determined from the hydraulic fracturing tests conducted in
boreholes AN-1, MIU-2 and MIU-3 at the Shobasama Site were used for the initial design. As
shown in Fig. 5.1.3-3, the minimum principal stress, omin, of the horizontal stress was
comparable to the estimated overburden pressure, ov, calculated from the unit weight of the
rocks. The ratio between the minimum principal stress, omin, and the maximum principal
stress, omax, was approximately two on average at the hanging wall of the Tsukiyoshi Fault.
The initial stress used for the analysis (including the sedimentary layer) was set as
OV-Omin‘Omax = 1:1:2. For the adjusted design, the results of the hydrofracturing tests in the
borehole MIZ-1 were used. As shown in Fig. 5.1.3-4, a different trend for the initial stress was
seen around a depth of 600 meters. In the zone shallower than 600 meters, the minimum
horizontal principal stress omin was comparable to the estimated overburden, ov, as in the
case of the hanging wall of the Tsukiyoshi Fault at the Shobasama Site. The maximum
principal stress omax is, on average, approximately 1.7 times the minimum principal stress
omin. On the other hand, in the zone deeper than 600 meters, the maximum principal stress
omax was comparable to the estimated overburden ov. The minimum principal stress was an
average of approximately 65% of the maximum principal stress. Given this trend, for the
adjusted design, different initial stresses were set for zones shallower and deeper than 600

meters, the values at the corresponding depths being obtained by linear regression from each
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test value. The initial stress used for the analyses is shown in Table 5.1.3-3.

3) Properties of the support system

The properties of rock support materials used in the design are shown in Table 5.1.3-4. The
elastic coefficient of shotcrete and lining concrete was obtained using the following formulae
(5.1.3-1 and 5.1.3-2). The duration for curing of the concrete from completion of the concrete
lining through mucking out the excavated soil as the next step to stripping was determined to
be approximately 20 hours using the formulae. The age of support materials was taken as one

day.
(5.1.3-1)
t
()= Fravs
f;{r} ﬂ+bf [I]f ck
Eﬁ,{r‘}z d’l{r}x 4.7%10° x.un'f’l_ [:] (5.1.3-2)
Where

F'e(t): compressive strength (N mm2) of concrete at age ¢

#'ck : design base strength of concrete (N mm2)

t: age (days)

I reference age (days) for the design base strength, i = 28

a,b: constants to be specified for each type of cement. For early high strength cement, a = 2.9,
b=0.97

d: strength increase of concrete at the 91st day against that at the 28th day. In the case of
early high strength cement, d(28) = 1.07

Ee (): effective Young's modulus (N mm2) at age ¢

® (¢) * correction coefficient of Young's modulus due to a large impact of creep at elevated

temperatures up to 3-Days = 0.73

4) Stress release rate

It is planned to use the short-step method for the construction of shafts, whereby one step
consists of two blastings (1.3 meters per blasting, total 2.6 m excavation) followed by placing
of a concrete lining. This means that the introduction of the support after excavation is
delayed compared to excavation with the conventional NATM method, where support is
installed after every blasting. Therefore, the stress release rate when the support is installed
was set as 80 % in the numerical analysis, which is larger than the value used in the NATM
method (usually around 60 %). The 80 % stress release rate was judged to be appropriate
based on the result of a separately conducted axisymmetric analysis simulating the
excavation process. The stress release rate for the drifts was set as 60 %, because the NATM

method was to be used.

(8) Analysis of the mechanical stability of the shafts and galleries
The mechanical stability of the shafts and galleries was analyzed using 2-D and 3-D finite
element analysis methods with the property values described above, according to the flow

diagram shown in Fig. 5.1.3-5. For zones with cross-sections not affected by the connections
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and joints to be discussed later in this section (so-called general zones), the stability was
analyzed using the 2-D elasto-plastic finite element analysis method. For zones where the
shafts and the galleries or two galleries are connected or joined, 3-D behavior needed to be
evaluated. The stability in these zones was expected to decrease compared to the zones where
2-D behavior is dominant. Their stability was therefore analyzed by coupling the 2-D and 3-D
analyses. The detailed analysis methods for each zone are described below. The evaluation of
the rock mass stability around the MIU Construction Site in relation to excavation was based
on the comparison of the maximum shear strain (ymax) of the rock around the shafts and
galleries that was obtained in the numerical analysis using the critical shear strain (yo)
shown in Table 5.1.3-1 and Table 5.1.3-2.

1) Shafts — general zone

For the general zones of the shafts where the short-step method is applied for excavation, the
lining concrete was considered to be a permanent structure and the stress induced at the
lining was calculated by a 2-D elasto-plastic analysis, which was compared with the allowable

stress level (fa/4) for the horizontal cross-section taking into consideration the initial stress.

2) Galleries — general zone

For the general zone of the galleries where the NATM method is used for excavation, each
support measure used was considered to consist of permanent structures and the stress
induced for each support measure was calculated with the 2-D elasto-plastic analysis method,
which was compared with the allowable stress level for the vertical cross-section taking into

consideration the initial stress.

3) Connected/joined sections of the shafts and galleries

The connected/joined parts of the shafts and the galleries were analyzed assuming that the
NATM method would be used for the excavation. This assumes that primary supports and
secondary lining concrete would be emplaced at the end. A 3-D elastic finite element analysis
was conducted at the representative points. The result was normalized with the results of the
2-D elastic analyses of the general zone of the shafts and galleries at the same depth to
determine the "influence level". The stability of the shafts and galleries was evaluated by
multiplying the results of the 2-D elastic analysis for the general zones of the shafts and the
galleries at each depth by the influence level. Here, if the stress in the primary support
system 1s within the range of the allowable stress level, it means that the secondary lining
does not have any load. On the contrary, if the stress on the shotcrete of the primary support
system is beyond the allowable stress level (fc/4), the stress in the primary support system
was compared with the short-term allowable stress level (fc/1.3) of the materials for
temporary construction and the stress in the secondary lining was analyzed considering the

increase in the stress in the case where the primary support system yields.
4) Shape of the cross-section of the shafts and galleries and support system

The locations where the stability of the shafts and galleries were analyzed are shown in Fig.

5.1.3-6 (longitudinal cross-section) and Fig. 5.1.3-7 (top view).
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For the analysis of the stability of the support system, the support materials needed to be
specified. Analyses were conducted for support patterns based on several construction records
for the shaft and the reference support patterns proposed by the Japan Railway Construction
Corporation and the Japan Highway Public Corporation to determine the most suitable
pattern. The tentative support pattern for the general zone of the shaft used for the analyses
is shown in Table 5.1.3-5.

(4) Results of analyses of the mechanical stability of the shafts and galleries

1) General zone

The results of analyses without consideration of the effects of connections between the shafts
and galleries in the initial design are shown in Fig. 5.1.3-8. The locations of the longitudinal
cross-sections in these analyses correspond to those indicated in the top view of the galleries
in Fig. 5.1.3-7 (i.e. A-A). This figure shows the results of the comparison between the strain
in the rock or stress in the support and the aforementioned critical strain in the rock or

allowable stress in the support.

In the adjusted design, the stability was analyzed for granite at depths from 200 - 1,000
meters (every 200 m) for the shafts and at depths from 200 - 500 meters (every 100 m) for the
galleries, considering the combinations of rock class and depth. Two classes for the shaft (Cu
and Cr) and three for the galleries (B, Cm, CL) were selected considering the interrelation
with the support patterns. With regard to the cross-section of the galleries for the analyses,
taking into consideration the options for the cross-section for a sub stage, three cross-sections
were analyzed in addition to the reference size of the auxiliary stage (3.0 x 3.0 m), namely, 4.0
mx4.0m, 5.0 mx 5.0 m and 8.0 m x 6.5 m. Similarly to the initial design, a typical example
of the analysis results for the strain in the rock and the stress in the support is shown in Fig.
5.1.3-9 for the main shaft and in Fig. 5.1.3-10 for the galleries with a cross section of 3.0 m x
3.0 m.

a) Shafts

For the design of the shafts, OPC (Ordinary Portland Cement) lining concrete (design base
strength f'x=24 MPa) was assumed as the reference material and high strength concrete
(design base strength f'.k=40 MPa) was assumed to be used in the case where the stress in the

concrete lining is beyond the allowable stress level.

The analysis in the initial design indicated that, since the maximum shear strain might
exceed the critical shear strain at the depths

® Depth 63.2 - 175.2 meters

® Depth 826.2 - 1,025.0 meters

The intelligent construction method should be employed in which excavation progresses

while monitoring the stability of the shaft wall and galleries as stated in Section 5.1.4.
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The analyses for the adjusted design indicated that, since the maximum shear strain of the
rocks might exceed the critical shear strain at the following depth in Cr class rock, the
intelligent construction method should be employed.

® Depth 450 - 1,000 meters

b) Galleries
For the design of the galleries, OPC shotcrete (design base strength f'x = 18 MPa) was
assumed as the reference shotcrete and high strength shotcrete was assumed in the case

where the stress in the shotcrete is beyond the allowable stress level.

The analysis in the initial design indicated that, since the maximum shear strain might
exceed the critical shear strain at the depths

® Depth 100 meters

® Depth 900 meters, 970 meters

® Depth 1,000 meters

the intelligent construction method should be employed.

The analyses in the adjusted design indicated the following for each rock class:

® In Class B and Class Cm rocks, the maximum strains in the rock bolts and shotcrete were
below the allowable level, implying stability of the support system. However, at a depth
of 450 meters and more, the shear strain predicted was beyond the critical shear strain,
requiring intelligent construction as described above.

® In Class CL rocks, the shear strain of the rock was beyond the allowable level at a depth
of 200 meters and more; this was also the case for the steel support stress at a depth of
260 meters and more, the rock bolt axial strength at a depth of 380 meters and more and
the stress in the shotcrete at a depth of 460 meters and deeper. Measures for keeping the
strain or stress within the allowable limit would include changing the pitch of the
support system from 100 cm to 90 cm at a depth of 300 meters, increasing the thickness
of the support from 10 cm to 12.5 cm (using H125) and decreasing the pitch to 85 cm at a
depth of 400 meters and increasing the thickness to 15 cm (using H150) and decreasing
the pitch to 80 cm at a depth of 500 meters. However, since the maximum shear strain of
the rock might exceed the critical shear strain, the intelligent construction method would

be required as previously stated.

2) Connected/joined parts

Key concerns relate to the stability of connected/joined sections of shafts and galleries or
those of galleries. Assuming the NATM method as the reference construction method for
connected/joined sections, the results of the 2-D elasto-plastic analysis were multiplied by the

influence levels obtained by the 3-D analysis.
The result of analyses in the initial design indicated concerns regarding stability at the depth

shown below. The adjusted design was not done for the connected/joined parts.
® Depth of 100 meters
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Similarly to the general zones, the stress in the shotcrete was beyond the allowable stress
level (fick/4) in the shafts and galleries (sub stage), but was below the short-term allowable
stress level (fck/1.3). The results of the stress analysis for the secondary lining concrete
taking into consideration the increase in the stress satisfied the allowable stress limit. The
range where the stress in the shotcrete exceeded the allowable limit was predicted to be
within a few meters of the connected sections. However, the maximum shear strain of the
rock largely exceeded the critical shear strain. Also, both the maximum shear strain in the
rock and the stress in the shotcrete were above the critical shear strain and the allowable
stress at the connecting sections between the sub stage and the evacuation tunnel. Therefore,
strict control using intelligent construction as stated previously would be required.

® Depths of 900 meters, 970 meters and 1,000 meters

For the shaft, the stress in the shotcrete was above the allowable stress level (fick/4), but
below the short-term allowable stress level (fick/1.3). When analyzing the stress in the
secondary lining concrete, the stress that the secondary lining needed to cover was predicted
to be small and the stability of the secondary lining concrete was confirmed. However, since
the maximum shear strain of the rock exceeded the critical shear strain, intelligent

construction as discussed previously would be required.

(5) Summary of the analyses of the stability of the shafts and galleries and the support
system

For the design of the shafts and galleries, their stability and that of the support system were
analyzed in two stages - the initial design (corresponding to Step 0) and the adjusted design
(corresponding to Step 3). As stated previously, the design of shafts and galleries is preferably
carried out at a stage when the geological environment conditions around the MIU
Construction Site have been determined. In this study, however, since results for crystalline
rock (granite), the major rock type of interest for the analyses, were available for the
Shobasama Site, the initial design was conducted in Step 0, when the Phase I investigations
had just started, and the adjusted design in Step 3, when the investigations had partly
progressed.

For the design of the shafts and galleries, the changes in analysis conditions associated with
the transition from the initial design (Step 0) to the adjusted design (Step 3) are summarized
as follows. The rock properties and the initial stresses were based on the existing information
in Step 0 and were updated based on the information obtained from borehole MIZ-1 at the
MIU Construction Site in Step 3. Since it became apparent during the investigations that the
geological structure at the MIU Construction Site was complex, it was concluded that
analyses based on different rock types at different depths would involve uncertainties and
necessitate additional analyses. Therefore, in the adjusted design, analyses were conducted
for each depth with the rock type as a parameter. The applicability of each support design is
then evaluated with depth. This would eventually contribute to selecting the support design

for a given rock type at the time of excavation.
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For the design of shafts and galleries in the future, the following points should be noted based

on the studies described above:

The geological environment conditions (e.g. rock properties, initial stress) should be
based on data obtained near the planned shaft and gallery locations. The conditions
under which the data can be applied should also be defined (e.g. geological structures
such as the hanging wall and foot wall of faults, rock type).

Analyses based on a given rock type would require additional analyses if the type proves
to be different from that encountered during the actual excavation. The prediction of rock
type would be low accuracy especially when a thick overburden overlies the basement
rock, since fault structures could be hidden. Therefore, the stability of the shafts and
galleries and the support system should be analyzed using the rock type as a parameter.
Borehole investigations in/around the excavation site for the shafts and galleries would

be desirable in order to reduce uncertainties in the design.

(1)Research into Investigate desgin and analysis
applicable methods in published literture
analysis
methods l

Investigate analysis parameters

(2)Select analysis
method and support
system

Information obtained from surface-
based Investigation Phase(Phase 1)

v v

Select suitable analysis method rrelati Select and organize analysis
for geological environment in correfative parameters
MIU |
[

Optimize tunnel size for
construction and research
activities

A

Support system based on
experience

&
<

A 4

Evaluation using selected analysis parameters

v

Recommend rock support system
(steel,concrete liner, shotcrete,rock bolts)

_________________________________________________ R

(3)Investigate Investigations and recommendations

assessment .
methods for on stability of cavern and support
system

evaluation of rock
support system v
Investigations and recommendations
on measurement and monitoring
conditions

Fig. 5.1.3-1 Flow Chart for Assessment of Rock Support System Stability

- 237~



JAEA-Research 2010-067

B

by
Wiz

|

. L (NS
Chuo-Highway
Mizunami Y

Fig. 5.1.3-2 Location of Boreholes around Mizunami Underground Research Laboratory Site

Table 5.1.3-1 Rock Properties used in Initial Design

Unconfined , . , Internal - Critical
Rock Class| Unit Weight | Compressive Young's Pmssgn S | cohesion Friction Crltlgal Shearing
Geology Strength Modulus Ratio Angle Strain Strain
[-] 7+ [kN m®]| qu[MPa] | E [GPa] v [ C[MPa] | ¢ [deg] | €o[%] 7 o [%]
B 26.0 116.36 35.6 0.35 18.9 53.9 0.33 0.44
Granite Cy 26.0 89.74 30.1 0.35 14.6 53.9 0.30 0.40
Cu 26.0 63.12 24.5 0.35 10.3 53.9 0.26 0.35
Sedimen- C, 18.8 6.40 2.15 0.31 2.10 23.5 0.30 0.39
tary Rock D 18.8 1.37 0.628 0.38 0.449 21.5 0.22 0.30
Table 5.1.3-2 Rock Properties used in Revised Design
Unconfined , . . Internal " Critical
Rock Class| Unit Weight| Compressive Young's P0|s§on $ | cohesion | Friction Crltlgal Shearing
Geology Strength Modulus Ration Angle Strain Strain
[-] 7+ [kNm®]| qu[MPa] [ E [GPa] v [ C[MPa] [ ¢ [deg] | &0 [%] Yo [%]
A 26.3 143.00 50.6 0.29 39.7 51.10 0.28 0.36
B 26.2 151.11 50.3 0.27 39.2 52.53 0.30 0.38
Granite Cy 26.3 181.30 49.3 0.27 34.3 52.43 0.37 0.47
Cu 25.9 174.67 50.5 0.18 37.6 49.30 0.35 0.41
C, 23.4 71.83 20.9 0.24 25.2 30.10 0.34 0.43
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Fig. 5.1.3-3 In Situ Stress Measurements (Shobasama Site)
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Fig. 5.1.3-4 In Situ Stress Magnitudes used for Revised Design based on MIZ-1

Measurements

Table 5.1.3-3 Initial Stress Condition used in Revised Design

Vertical Minimum Maximum
Depth Horizontal Horizontal
Geology Stress Stress Stress
[m] oy [MPa] o, [MPa] oy [MPa]
200 5.20 (1.00) | 5.57 (1.07) | 9.39 (1.81)
400 10.40 (1.00) | 11.14 (1.07) | 18.78 (1.81)
Granite 600 upper | 15.60 (1.00)| 16.71 (1.07) | 28.17 (1.81)
600 lower [ 15.60 (1.00) | 11.83 (0.76) [ 17.21 (1.10)
800 20.80 (1.00) | 13.49 (0.65) | 20.51 (0.99)
1000 26.00 (1.00) | 15.16 (0.58) | 23.81 (0.92)
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Table 5.1.3-4 Properties of Support Materials used in Design

, Allowable  Compressive \ . ,
Design Stress Young's | Poisson's
Support | Strength [—sroiTerm Cong Term | Modulus Ratio
Member
f'w [MPa] | f4/1.3 [MPa] f'o/4 [MPa] E [GPa] v []
Concrete 24 - 6.0 8.81 0.20
Liner 40 - 10.0 11.4 0.20
Shotcrete 18 13.8 4.5 3.4 0.20
36 27.7 9.0 6.0 0.20
Allowable Design Strength| Young's | Poisson's
Support Material | Tensile Stress | of Rock Bolt Modulus Ratio
Member
[MPa] [kN] E [GPa] v []
Steel $S400 160 - 210 0.30
Support
Rock Bolt | SD345 - 120 210 -

Planning rock support
system at gallery/shaft

intersections
l
v
3-D FEM analysis | | 2-D FEM analysis
Estimate disturbance Estimate stress Revised rock
and stress in in support support system
gallery/shaft system design
intersections
Rock mass : ¥ max l l Estimate stress in support system t

- Incorporate excavation disturbance in
Planning general intersections into design of support system
shaft and gallery

1P Measure N.G.
v | stress in support
Implementation Revision of system
of 2-D FEM support system oK.
analysis design - -
7y | Interim support system design |
v
Me_asure N.G. | Estimate of stress in shotcrete |
stress in support
system at f'ck/4 and below:design for above f'ck/4:design for
OK. permanent structure y temporary structure
Establish the Establish the Planning
support system support system concrete lining
design design design

Fig. 5.1.3-5 Flow Chart -Investigation of Gallery Stability
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Fig. 5.1.3-6 Investigation Sections for Mechanical Stability in Galleries(vertical X-section)
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Fig. 5.1.3-7 Investigation Section for Mechanical Stability in Galleries
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Table 5.1.3-5 Tentative Support System proposed for Main Part of Shaft

Concrete Steel
Geology Rock Class Liner Support
Thickness
Sedimentary D
Rock C. H-125
Cwm 400 mm
Granite Cy -
B
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Fig. 5.1.3-8 Summary of Requirements for Shafts and Galleries in the Initial Design
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Fig. 5.1.3-9 Revised Stress and Strain in Typical Sections of the Shafts based on Site Specific
Data
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5.1.4 Feedback of measured data to design and construction plans

Feedback of various data obtained during the construction of the shafts and galleries in
Phase II to the rock mass evaluation, support specifications and construction measures will
be essential for establishing appropriate design and construction techniques. In this section,
some examples of changes in support specifications and construction measures made based
on such feedback are described for preventive measures against three unexpected situations
during construction work: the presence of a geological structure that was not predicted,
unexpected deformation behavior and unexpected groundwater behavior associated with the

excavation of the shafts and galleries.

For the rock mass evaluation, a flow chart was prepared as shown in Fig. 5.1.4-1 describing
the provision of feedback from observations of the geology on the tunnel wall and
measurements of rock displacement and stresses in the support system in the shafts and
galleries, including observations made during the excavation. The flow chart will be applied

to the sedimentary rock zone and modified to apply to the granite zone.

For the application of the feedback technique to analyses of the deformation behavior of the
rock mass, the elastic modulus and the principal stress ratio of the rock mass were obtained
by inverse analysis using measured data for internal displacement during the excavation of
the second shaft in the Tono mine. These results were then compared with the actual
measurements. Measured and analytical values were 3.3 mm and 3.1 mm respectively for
displacement in the N-S direction and 1.8 mm and 0.6 mm for displacement in the E-W
direction. These indicated insufficient anisotropy of the displacement, but a generally
consistent maximum displacement level. The stress distribution obtained by the direct
analysis would allow determination of the local safety factor (proximity to destruction) and
could be obtained by defining the cohesion and the angle of internal friction, which would
allow evaluation of the distribution of plastic zones. Fig. 5.1.4-2 shows example calculated
local safety factors using measured values and measured values multiplied by a factor of 10.

For the application of the feedback technique to the analysis of the volume of water coming
from the shaft wall, the estimated hydraulic conductivity was revised based on a comparison
between estimates and measurements of water from a specific section. Using the revised
hydraulic conductivity, the groundwater inflow rate from subsequent excavation sections in
deeper zones was calculated. In the initial design of the shafts and galleries, the hydraulic
conductivity K = 108 m s1, the average value from the results of in-situ hydraulic tests
conducted at the Shobasama Site, was used for calculating the inflow rate using the well
hydraulic theory (see Section 3.2.6). Based on the calculations, the capacity of the drainage
system was determined for normal use. Another system with the same capacity was also
installed for emergencies, ensuring a safety margin of two?. During the excavation of the
shafts and galleries, the water from the excavation face and that collected in the catchment
ring through the back-drainage materials were drained to the surface using a high-lift pump.
The volume of water in the catchment ring could be measured with an electromagnetic

flowmeter and total drainage could be measured at the drainage processing facility. Repeated
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comparison of the estimated volume of water with that actually measured, and the feedback

of the results, allowed design of an appropriate drainage system.

As described above, for the feedback of measured data to the design and construction plans
(intelligent construction method), a detailed feedback flow chart was prepared incorporating
rock mass evaluations based on measurements and analyses. For the geological observations,
the most appropriate method for determining the geological conditions of the shaft wall was
studied, applying several rock classification methods.
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Fig. 5.1.4-1 Flow Chart -Rock Mass Assessment for Shaft Excavation
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5.1.5 Seismic stability of the shafts and galleries

The MIU Project includes structures extending to a depth of 1,000 meters or more, which is
much deeper than conventional underground facilities. To assess the seismic response
behavior and evaluation of the integrity of the shafts and galleries during an earthquake,

seismic motion in the deep underground environment has to be evaluated.

Seismic analyses were conducted using the static seismic coefficient method used for the
stability analysis of tunnels in the H12 Report?, as well as the FEM dynamic analysis
method!®.1D, The analysis boundary conditions, such as the model configuration, rock

properties and input seismic motion, were based on the initial design of the MIU.

For the input seismic motion, the anticipated Tokai earthquake was assumed in addition to
historic earthquakes and the presence active faults nearby, since the area is within the
impact zone of the Tokai earthquake. The spectrum of the simulated seismic waves
anticipated from the earthquakes is shown in Fig. 5.1.5-1. Earthquakes with the Boybusan
Fault as the seismic center are considered to have the largest impact. Therefore, the target
spectrum for the horizontal seismic motion for the analysis was set to include the spectrum of
the simulated seismic wave as shown in Fig. 5.1.5-2. The spectrum was then analyzed using
the sinusoidal synthesis method. As a result, the maximum acceleration was assumed to be

478 gal at the ground surface.

The vertical motion used for the seismic design is generally 1/2 to 2/3 of the horizontal motion.
Deep underground, it could be similar to the horizontal motion because of the difference in
the amplification environment from that near the surface and the effect of oblique incidence.
The characteristics of the vertical seismic motion deep underground were studied using
existing seismic records. The ratio of the spectrum of the horizontal motion to that of the
vertical motion were compared by calculating the stripped wave at the basement rock
surface (outcrop wave) using existing data from the KIK-net observation station of the
National Research Institute for Earth Science and Disaster Prevention, data from the
Hashima observation station where earthquakes have been recorded at the surface and at a

depth of 1,500 meters and data from the Kamaishi mine!? where earthquakes were recorded
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at the surface and at a depth of 615 meters. The results of the comparison are shown in Fig.
5.1.5-2. The vertical and horizontal spectra at the two observation stations were, on average,
approximately 0.97 and 0.88, respectively. The ratio of the vertical motion was higher (0.66
on average) than that at the ground surface. Referring to the observations recorded at the
Kamaishi mine, the target spectrum of vertical seismic motion for the analyses was therefore
set as 2/3 (maximum acceleration of 350 gal) that of the horizontal seismic motion. As a result,
the ratio of the vertical and horizontal spectra was 0.86 at a depth of 1,500 meters, which is
larger than that at ground surface (0.66) and is similar to the observation records from

Hashima (0.97 on average) and Kamaishi (0.88 on average)!?.

Seismic analyses to evaluate the integrity of the lining concrete of the shaft in the MIU were
conducted by FEM dynamic analysis using the horizontal and vertical seismic motions set as

above. The results are as follows:

® In-plane shearing force prevails in the lining concrete of the shafts due to horizontal
seismic motion, but the increase in the compression stress in the horizontal direction
during earthquakes was small. Therefore, the stress level in the shaft lining concrete
(stress level during excavation obtained by FEM non-linear analysis carried out for
analyzing the stability of the support system + the increase in stress during
earthquakes) was judged to be sufficiently lower than the fracture strength.

® Axial force in the horizontal and vertical directions prevailed in the lining concrete of the
shaft due to the vertical seismic motion. However, the increase in stress level during
earthquakes was approximately half that generated by the horizontal seismic motion.
The stress in the shaft lining concrete (sum of that during the excavation and the
increase during earthquakes) was judged to be sufficiently lower than the fracture

strength.

Horizontal seismic motion was therefore assumed for the seismic design, taking into account
the features in the Mizunami region as well as historic earthquakes, nearby active faults and
the future Tokai earthquake. Using the seismic motion, the allowable stress in the lining
concrete of the shafts was checked using the method employed in the H12 Report. An analysis
was also made of the vertical seismic motion considering the features of the very deep shafts.

The analysis indicated sufficient seismic resistivity of the shafts.
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5.1.6 Measures to limit inflow of groundwater and minimize rock burst

Unexpected high water inflow is a sudden event that should be avoided during the
construction of shafts. Studies to establish measures against unexpected high water inflow
include, for the presumed geological conditions, predicting the depth where water-conducting
features may occur, use of predictive techniques to plan measures against fractures,
preparation of grouting guidelines and formulation of other measures. Fig. 5.1.6-1 shows the
primary strategy. Planning of measures against sudden unexpected water inflow was based

primarily on stopping the water by grouting, bearing in mind that the water in the shafts has
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to be pumped to the surface and according to the policy that special care has to be taken to
avoid impacts on the surrounding environment. Since the time needed for grouting after the
occurrence of unexpected high water inflow (post-grouting) is expected to be long and involve

considerable cost, pre-grouting is taken as the reference measure.

Two types of measurement techniques of water flow are considered: pilot borehole drilling
and indirect geophysical logging. Pilot borehole dilling involves direct investigation of the
zone ahead of the face before excavation, allowing detection of conditions that could result in
water inflow. Geophysical logging uses differences in properties between intact rock and rock
with fractures that may either represent permeable zones, sealing zones or fracture zones.

The techniques include reflection seismic surveys and electrical/electromagnetic surveys.

For applying grouting to prevent unexpected high water inflows, the following need to be
determined: the anticipated locations where water inflow may occur, the volume of inflowing
water and the drainage (i.e. pumping) capacity, criteria for switching from ordinary drainage,
procedures for making decisions on the implementation of grouting, reference injection

pressure and reference injection conditions. The grouting procedure is shown in Fig. 5.1.6-2.

Pre-grouting was planned for the case where the occurrence of fractures is predicted by
investigations of the geological environment and the location of inflowing water is predicted
by referring to past examples and existing guidelines. The plan includes injection holes in
three lines with a 1.5 meter pitch within the range where the diameter is 3 times larger than
the diameter of the excavation. A detailed plan will be formulated by determining the
positions of the fractures on the wall of shafts and galleries based on the geological structure

model.

Other sudden incidents include rock burst, which may occur in hard rock deep underground,
and collapse, where a rock mass slips down primarily along a discontinuous surface in the
shaft wall. Specific cases of such incidents were investigated!¥ and the possibility of

occurrence and appropriate countermeasures were studied.
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5.1.7 Safety measures

(1) Disaster prevention concepts based on analysis of the ventilation network

a) Ventilation network analysis

Fire is highly likely to lead to a serious disaster in the shafts and galleries and securing
evacuation routes and evacuation time is most important. Due to the depth of the MIU, there
may be cases where sufficient evacuation time cannot be ensured. In addition to evacuation
to the surface, the primary concept for disaster prevention in the event of fire is considered to
be evacuation to a safe refuge in the facility. Based on this, the location for safe evacuation
(refuge), how to ensure the evacuation time and the space, configuration and conditions
required for the refuge were studied. As part of the study, the conditions in the shafts and
galleries were estimated based on the 3-D layout and the ventilation conditions were
estimated using the ventilation network analysis method that is frequently applied in the
field of mining. An analysis was also conducted for the case assuming fire. The ventilation
network analysis is a type of computer analysis that is conducted to determine the airflow
circulating in the ventilation network (including all tunnels that make up the underground
space, ventilation pipes and air leakage circuits). It also determines the temperature and
humidity inside the facility and the behavior of gas and smoke during a fire. This is
important for designing the shafts and galleries, daily ventilation management and air
control at the time of a disaster. The ventilation network analysis method was used because
the shafts and tunnels will be connected with each other in the facility, which is different
from tunnel excavations in conventional civil engineering. These connections make it difficult

to calculate the airflow based on a simple theory.

The prediction of gas behavior during a fire based on the ventilation network analysis is
shown in Table 5.1.7-1. In the analysis, the construction stage was divided into small
sub-stages and the behavior of gas generated at different locations was analyzed. Based on
the result, the locations and specifications of the refuges were examined. As a result, one
refuge was located in each gallery and ventilation and fire extinguishing systems were
designed.

The outline of the ventilation system on completion of the shafts and galleries is shown in Fig.
5.1.7-1. The system with a local ventilation fan and ventilation pipe will be changed to a total
ventilation system that uses the whole shaft once the shaft reaches a depth of 500 meters.
For excavation of the shaft below 500 meters, a local ventilation fan will be installed at a
depth of 500 meters and ventilation will be achieved by extending the ventilation pipe. When
excavation reaches the final depth, the fan and pipe will be removed and replaced by a system
using the whole shaft. Ventilation at the middle stage and the main (deepest) stage will be

achieved with a local ventilation fan and ventilation pipe.

b) Underground integrated management system
Scientists, visitors and construction workers will be present at various times in the shafts
and galleries in the MIU and thorough consideration of ensuring the safety of these persons

in the event of a disaster such as fire is required. The system considered for the shafts and
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galleries consists of the following independent components:
a) An entry/exit control system

b) An underground condition management system

¢) An underground communication management system and

d) An underground fire monitoring system.

These systems can work independently at the time when they are introduced, but will be
developed so that they function together, as a single integrated system. For example, if fire
occurs at a certain location in a shaft or gallery, the fire monitoring system would
immediately identify the location of the fire and the underground communication
management system would report the fire to the facility operators. At the same time, a fire
analysis would be conducted using data obtained using the underground condition
management system as input data and the behavior of gas generated by the fire would be
predicted. In order to protect workers in the underground facility from smoke, an optimum
ventilation system will be selected and the operation of air doors and the ventilation system
will be controlled. Workers will also be informed of safe evacuation routes and the locations of
the refuges. Fig. 5.1.7-2 shows the concept of the integrated underground management

system as described above. A further explanation is given below.

The integrated system is linked to the individual systems through:

® A fixed data management system (layout of the shafts and galleries and location
coordinates)

® A variable data management system (data from sensors installed in the shafts and
galleries)

® An information processing/analysis system (anomaly detection and fire-affected zone

analysis)

Linking these individual systems to form an overall system with displays and
control/indicator functions allows continuous management of the underground environment,
prevention of disasters and the spread of any disaster that occurs and ensuring the safety of
underground workers. A dedicated program was developed which, in addition to the four
systems described above, links the fire analysis for predicting gas behavior using the
ventilation network analysis and the thermal environment analysis for predicting the
distribution of temperature, humidity and wind speed. A system for supporting
decision-making based on the GIS (Geographical Information System), including evacuation
route analysis, was also constructed on a trial basis. This system would monitor the location
of workers underground and the environment inside and outside the facility at all times. A
thermal environment analysis conducted at the same time would compare the results with
the underground environment data and, if an anomaly is detected, a fire analysis would be
conducted to identify the area over which the fire may extend and to identify routes for
evacuation. These analysis results and data would be input to the GIS information
management application and stored in the database. The information would also be

transmitted to management through the user interface.
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The system constructed as above was demonstrated as a model case at the Tono mine, using
measured data from the mine. A series of systems - monitoring of different types of sensor
and underground environment analyses, identification of underground worker location and
display of evacuation route for emergencies - were operated successfully and their
effectiveness was confirmed. Fig. 5.1.7-3 shows an example of the evacuation route at the
Tono mine. In the future, an underground information management system for the shafts and
galleries in the MIU will be developed and improvements will be made using data obtained

during excavation of the shafts.

(2) Risk management

Worldwide, the MIU will be a pioneering URL consisting of two shafts to a depth of 1,000
meters and a number of galleries at various depths. This means that there is little experience
in the construction of such a facility and various risks are anticipated. Such risks may
seriously affect the construction work. Risk management involves identifying and evaluating
such risks in advance and formulating and implementing measures for their mitigation. This
method was originally developed in the field of finance and has been actively applied in
engineering sectors in recent years. Here, risks that may occur at the time of excavation of
the shafts and galleries were identified and the correlation between events was evaluated;

quantitative evaluations of losses were conducted using statistical data and event trees?:15.

The evaluation was conducted for four types of construction area, classified depending on
depth, and twelve events were identified based on questionnaires returned from experts.
After being classified and reorganized, these events were subjected to quantitative analyses
in terms of delay in the construction schedule, loss of construction funding and loss of social
trust. Fig. 5.1.7-4 shows the risk correlation among events based on the returned
questionnaires. The 12 events identified were reorganized into 7 groups and their correlation
1s presented in the figure. As an example of the quantitative evaluation of risk based on the
classification, the loss of working days (number of days that the construction work is delayed
due to the occurrence) in each group is shown in Fig. 5.1.7-516), Although scattering of data
may be largely due to the lack of statistical data, the loss of working days was the highest for
Group 5 (falling objects + machine failure + fire) at all depths. At levels shallower than 500
meters, the risk of Group 4 (unexpected high water inflow) was relatively higher than that in
the levels deeper than 500 meters. Thus, quantitative comparisons were possible for the

number of lost working days by depth and event.

Finally, risk reduction measures were studied. Four types of measures were formulated for
each event: advanced measures (risk mitigation), regular management (risk containment),
insurance (risk transfer) and post-event measures (risk containment). Examples included
improvement of the systems that could have a significant impact on construction processes if
they malfunction or improvement of early detection of signs of risks by instrumentation
control, intelligent construction, improved periodical inspections and advanced examination

of countermeasures. The intelligent construction method, in particular, has been developed in
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conjunction with the NATM method in the field of tunnel engineering to avoid risks during
construction work. It can be both a risk containment technique and a verification technique

for design conditions and methods.

As discussed above, with quantitative evaluation of the significance of a risk, the type of
measures to be taken can be made clear. The applicability of the methods will be evaluated
and the methodology will be improved in the future through inclusion of information obtained
during the excavation of the shafts and galleries.

For the safety measures, which are the most important issue in this project, an integrated
management system was developed. This couples the systems for entry/exit control,
environment management, communication, fire prevention and the ventilation network
analysis. Risks were also identified and reflected in the provision of safety measures using

the risk management system considering the features of the shafts.

Table 5.1.7-1 Ventilation Network Analysis in Case of Fire

Location of Fire State of Fire Condition Means of Escape
. L . . . Main Shaft and Middl
Main Stage Maintain operational aireflow conditions. an .a an adle
.. . Stage will be safe area. It
and Smoke—laden air will exhaust via Vent. is bossible to escape from
Middle Stage Shaft. P P

the Main Shaft.

Smoke—laden air will exhaust via Vent.

Recommended option is to
. Shaft. Some back—flow of smoke laden o P .
Lower Part of Main Shaft | . . . wait in a refuge station
air into sub—stage and into whole MIU . .
and but escape via Main Shaft

_ may occur. Incremental increase in heat| . .
Ventilation Shaft Y Y . ! ! using oxygen mask will be
and gas concentration is expected to be

possible.
low.
Smoke—laden air will exhaust through
Shallow Part the Vent. Shaft via the Middle Stage. Same as above
of Main Shaft Gas flow into the whole MIU will take ’

considerable time.
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Fig. 5.1.7-5 The Result of Risk Evaluation (Delay of Work)

5.1.8 Construction plan

(1) Outline of the overall plan

The shafts and galleries of the MIU will be excavated to a depth of 1,000 meters, according to
the role of the MIU and considering the following aspects:

® Providing a research area for demonstrating the reliability of techniques for geological
disposal as indicated in the H12 Report, assuming a disposal depth in hard rock of 1,000

meters.

® Determining the implications of tunnel excavation deep underground that will require
sophisticated techniques to overcome difficulties such as unexpected high water inflow

and rock burst, compared to conventional civil engineering practices.

® Economic considerations of shaft sinking, whereby the construction costs are acceptable

for a 1,000 m deep shaft, but will suddenly increase for shafts deeper than this.

An outline of the topography and geology at the site and the excavations for the MIU are

described below.

(2) Locations of the shafts and galleries
The shafts and galleries of the MIU will be constructed at the MIU Construction Site. The
surface facilities for the construction of the shafts and galleries will be located in an area

covering approximately 1.2 hectares within the 7.8 hectare MIU Construction Site.
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(8) Topography and geology

The topography around the MIU Construction Site is hilly, with an elevation of
approximately 200 meters above sea-level. The Hazama River runs across the site. Around
the MIU Construction Site, Tertiary sedimentary rocks widely and unconformably overlay
the Cretaceous Toki Granite. The Tertiary sedimentary rocks are lithologically divided into
the Mizunami Group and the Seto Group. The lower part of the Mizunami Group is mainly
composed of tuff, silt/sandstone and conglomerate. The middle and upper parts of the
Mizunami Group are mainly composed of mudstone and silt/sandstone alternating with

shallow marine facies. The Seto Group consists of unconsolidated clay, sand and gravel.

(4) Schedule

The results of the investigations in the shafts and galleries at the MIU are expected to
provide the technical basis for selection of detailed investigation areas in the disposal project
to be implemented by the Nuclear Waste Management Organization of Japan (NUMO) and
for the safety regulations to be formulated by the Japanese Government. The construction of
the shafts started in March 2003 and it is planned to reach a depth of approximately 500
meters by 2009. Construction will then continue to the final depth of 1,000 meters.

(5) Construction systems

The construction systems can be divided into the portal system, excavation equipment and
peripheral systems®4. The layout of the systems at the ground surface is shown in Fig.
5.1.8-1.

(6) Excavation sequence
After land preparation, a three-stage excavation was employed for the shaft construction as
shown in Fig. 5.1.8-2.

(a) Construction of the upper portals of the shafts

The foundation concrete for the upper portals of the shafts was applied directly to the rock
(stable mudrock of the Mizunami Group in this case) to a depth of 9.0 meters for the main
shaft and 10.5 meters for the ventilation shaft. Because of the small site area, excavation was
done with soldier beams and breast boards. The foundation concrete was emplaced after

completion of this excavation.

(b) Construction of the lower portals of the shafts

The lower portal of the shaft is the section from the excavated base up to the section where
the moveable scaffolding is temporarily fixed inside the shaft. The depths of these sections
were 42.0 meters for the main shaft (total 51.0 meters depth) and 35.0 meters for the
ventilation shaft (total 45.5 meters depth). These are necessary distances for preventing
damage to the scaffolding from blast excavation at the base. The short-step method with a
sinking length of 1.0 meters/round was adopted in view of safety, duration of construction and

economic considerations. After completing the excavation of this section, the surface facilities
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were constructed.

(c) Excavation of the general zone of the shafts
Shaft construction was implemented after the installation of systems such as the scaffolds
had been completed.

Considering the relationship between the excavation cycle and the progress of each blasting
round, an irregular short-step method was adopted as the safest and most effective
excavation cycle; 1.3 meter blasting and mucking out cycles were repeated twice and lining
concrete was then put in place for the 2.6 meter section. However, for the sections where rock
conditions were not good, the method was changed to the normal short-step method, placing
the lining concrete after a 1.3 meter blast and mucking out. An example of the time cycle at a
depth of 500 meters is shown in Table 5.1.8-1, where three hours of observation of the geology
of the shaft wall was guaranteed for one cycle.

Since the proportion of the total working time required for mucking out increases with the
depth of excavation, for the mucking out to be effective a kibble exchange method was
adopted for the deep part of the shafts; this reduces the time of kibble transportation by
exchanging two kibble buckets at the scaffolds inside the shafts.

oy , -~ Main-ShaftHouse =~
" “Ventilation-Shaft House: " (Soundproofed)
- (Soundproofed) Hoist room
~Concrete-Mixing

> Facilities for Effluent Treatment
iStruction Contractors’ Office

Fig. 5.1.8-1 Layout of Surface Facilities

- 261 -



JAEA-Research 2010-067

March 2003~ Around 2004 Around 2006

J |\

Shaft Shaft
Entrance Exca-vation
Construction

Sedi-
mentary

Over-
burden

- 180mbgl |||

Granite B ||
_Basement:_-_ = _‘_:--._-‘ | . 200mbg| |

Fig. 5.1.8-2 Construction of Mizunami Underground Research Laboratory

Table 5.1.8-1 Cycle Time for Shaft Sinking (eg., Main Shaft, Granite, Rock class B, GL. -500 m)
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5.2 Environmental impact assessment on construction work
Understanding the impact of constructing the shafts and galleries of the MIU on the
surrounding environment is critical not only from a research viewpoint, but also in terms of

environmental aspects. The principles set out in the Environmental Impact Assessment Law
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of 1997 can be used as guidelines for the environmental impact assessment. Although this
law is not applicable to the construction of the MIU, issues that are of concern in terms of the
impact of the excavation of the shafts and galleries were selected from the range of
environmental factors in order to assess the environmental impact. The results are shown in
Table 5.2-1.

Factors of particular concern in terms of impact on the populated area around the MIU
construction site include noise and vibration and the chemistry of river water (surface water),
bottom sediments and hydrology (stream flow, near-surface groundwater level). For these
factors, data accumulated before implementing the construction of the shafts in Phase I were
compared with the data obtained during the progress of the excavation in Phase II and
subsequent phases to evaluate the level of the impact. Details will be discussed below for
each factor. With regard to topography, landscape and important fauna and flora, monitoring
was limited to types of fauna and flora for which monitoring has been conducted at the
Shobasama Site. This is because the scale of the MIU construction is significantly smaller
that that of projects to which the law applies and the site had already been developed. The

degree of impact was therefore judged to be limited.

- 263 —



JAEA-Research 2010-067

Table 5.2-1 Range of Factors for Environmental Impact Assessment and Possible Issues due
to MIU Construction

Environmmental Factors for the Environmental Impact Potential Issues at the MIU Construction Site
Assessment Expected Condition Monitoring
Air Quality — —
Noise Level Excesswg nmsg qge to blasting and other o
construction activities
Atmosphere ibrati i
p Vibration Strong vnprahong .d.ue to blasting and other o
construction activities
Odor — —
Others — —
Surface Water |Decrease in water quality as water flows o
Quality into shaft
Preserve the . . .
Natural Sediment Quality Elvg: ani(;l] ?At/reta;nt S;dlmr?gtrq;a“t%iﬁidifd @)
Environmet Water y drop ater table and reduced run-o
Groundwater Drawdown of groundwater from
groundwater inflow into the shafts
Others Decresed river flow due to drawdown of o
water table
Topography, I _
Geology Modification of toporography
Bedrock & Soll Ground — —
Soil — —
Others — —
Conservation and Preserve the Vegetation — -
Biodiversity of the Natural Biological — -
Environment Ecosystem — —
Presg:\;?el\(l;tural Changes of landscape by development of _
Human Interaction MIU site and surface facilities
Landscape
Green Space — —
Waste Material Material excavated during underground _
Other Environmental Aspects aste Matenals construction(muck pile)
Greenhouse Gases — —

5.2.1 Monitoring of noise and vibration

Monitoring of noise and vibration before starting construction of the shafts in Phase I was
conducted at seven observation points located within an approximately 1 km radius of the
MIU. The levels of noise and vibration were measured for 10 minutes every hour and the
sources of the noise and characteristics of the vibrations were determined at each observation

station.

After starting construction of the shafts in Phase II, the noise and vibration will be measured
while typical construction work is being carried out. Machinery used for the excavation work

will be checked and the effect of using different machinery will also be evaluated.
5.2.2 Investigations of river (surface) water chemistry and river sediments

The water chemistry and bottom sediments of the Hazama River running across the MIU

Construction Site were investigated by analyzing samples collected in high and low water
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seasons, before starting the construction of the shafts in Phase 1. There were two sampling
points - upstream of the MIU Construction Site (200 meters from the shafts) and downstream
of the site (100 meters from the shafts). The analysis items are shown in Table 5.2.2-1. The
analyses were based on the method specified in the Japan Industrial Standards (JIS) and
guidelines of the Environment Agency of Japan. From these analyses, baseline information
was obtained on the water chemistry and the sediments of the Hazama River before starting
the construction of the shafts.

After starting the construction of the shafts in Phase II, the impact of the excavation will be

evaluated by analyzing samples collected at the same points.

Table 5.2.2-1 Water Quality and Sediment Analysis

. Iltems to | Samples | Analyses
Analytical Test Areas test needed to do
Basic tests 5 2 2
Water Quality Biclogical 7 2 2
tests
Health tests 26 2 1
, Content | Basic tests 11 2 1
Sed t

:nallr;s‘,aiz test Health tests 23 2 1
Elution | Health tests 26 2 1

5.2.3 Shallow hydrological investigations

Equipment for measuring the stream flow of the Hazama River running across the MIU
Construction Site and the near-surface groundwater level in shallow wells around the site
was installed before starting the construction of the shafts. The observations will continue in
Phase II and thereafter. After analysis, these data will serve as baseline information before
the excavation and will be used as reference values for evaluating any changes after

excavation.

(1) Investigation of the stream flow

The investigations were conducted with flowmeters (water gauges) installed at three points
along the Hazama River - upstream (approximately 1.3 km from the MIU Construction Site),
midstream (around the MIU Construction Site) and downstream (approximately 0.8 km from
the MIU Construction Site). The stream flow was calculated based on the relationship
between the water level and stream flow at the above locations that had been determined

previously (current meter method).

The water level observation data were recorded on a PC card every 10 minutes and compiled
every month. The data were compared with data on precipitation. The results indicated that
the stream flow is in the order of 0.01 m3s? at the three locations on clear days and that it

responds to small precipitation events in the order of a few mm hour.
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(2) Investigations of the near-surface groundwater level

Water gauges were installed at ten locations (one borehole and nine wells), including
privately owned shallow wells, around the MIU Construction Site to monitor the
groundwater level. The depths of seven wells were less than 10 meters and the depths at the
other three locations were greater than 10 meters.

Based on continuous observations, the variation in the groundwater level throughout one
year at each location, as well as the correlation between the groundwater level and pumping
or precipitation, was determined. Also, the average groundwater level over one year was
determined, which serves as reference information for determining the changes associated
with the excavation and identifying trends and impacts (i.e. response to precipitation,

frequency of use, recovery trend of the water level).
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6. Summary and conclusions

The MIU project is a comprehensive URL project in crystalline rock (granite) that has been ongoing since
1996 as one of the URL projects mentioned in the Framework of AEC. The objectives of the project are to
develop the technical basis for investigation, analysis and assessment of the geological environment and to
improve understanding of the geological environment through application of various technologies relevant
to geological disposal, based on a stepwise investigation approach. In January 2002, the decision was made
to construct underground facilities and other related facilities at the MIU Construction Site and the Phase I
investigations were initiated. Since July 2003, the construction of the shafts has been proceeding in parallel
with the Phase I investigations. In March 2005, the surface-based investigations were completed and the

shafts passed through the sedimentary rock formations to reach the top of the granite in 2005 fiscal year.

Goals in Phase I of the MIU project are: 1) to construct models of the geological environment from all
surface-based investigation results that describe the geological environment prior to excavation and predict
excavation response, 2) to formulate detailed design concepts and a construction plan for the underground

facilities, and 3) to establish detailed investigation plans for Phase II.

This report summarizes the results of investigations up to the end of March 2005 focusing on aspects of
“geoscientific investigations” and “engineering technologies”, and provides an example of stepwise
investigation, analysis and assessment of the geological environment relevant to geological disposal using
surface-based investigations of the crystalline rock in the Tono area as a case study. Specifically, for the
site-scale area around the MIU Construction Site, strategies employed and lessons learnt during the
implementation of the iterative approach as well as during the course of conducting individual investigation
and analysis technologies are documented. In addition, know-how that is expected to be useful in
implementing the disposal project is described in detail. This can be used as a basis for the design of
surface-based investigation on the preliminary and detailed investigations to be conducted for the selection
of disposal sites by NUMO and in establishing siting factors for the selection of detailed investigation areas

and safety review policies by the government.
The overview of the results of the Phase I investigation is as follows:

1) Geoscientific investigations

For the studies relating to development of a technical basis for investigation, analysis and assessment
techniques for the deep geological environment, characteristics and processes of the geological
environment that are important for geological disposal were reviewed mainly on the site scale from the
viewpoints of long-term safety assessment, design and construction of underground facilities and
environmental impact assessment. The specific aims for R&D activities were then set accordingly. To
successfully achieve these specific aims, the Phase I investigations were divided into five sequential steps,
Step 0 to Step 4. In each subsequent step, the investigations were conducted based on an iterative approach

according to the geosynthesis data flow diagram.

More specifically, the relationship between the type and volume of information obtained with the progress

of investigations and the level of understanding of the geological environment were evaluated in each step.

- 268 —



JAEA-Research 2010-067

At the same time, issues (characteristics, processes, etc.) for investigation in the subsequent step were
defined and included in the formulation of investigation plans. As a result, the understanding of the
characteristics and processes of the geological environment that are important for geological disposal was
improved, as indicated by the evolution of the geological and hydrogeological models. In addition, a
logical path leading from investigation to assessment (systematic data flow) was established as a
geosynthesis data flow diagram for each investigation step. The geosynthesis data flow diagram illustrates
the data that need to be acquired and the subsequent process of interpretation and synthesis of information

by different disciplines.

For the geological environment, the characteristics and processes to be investigated should be specified as
far as possible. At the same time, investigation plans optimized and rationalized in terms of investigation
targets and methods, taking into account restrictions such as time, cost and impact on the environment,
should be formulated. The development of a quality control system and establishment of an organizational
scheme to facilitate implementation of quality control practices were also shown to be important. The
technical know-how and experience with successes and failures, built-up in the course of the investigations
were documented as far as possible to form a knowledge base for basic technologies for the disposal

project and formulation of safety regulations.

A large part of the investigation/analysis techniques and technical know-how established in the course of
investigations for the relevant geological environment (crystalline rock) could be applied to different
locations and geological environments based on similar examples in Japan and abroad. Techniques for
investigations and analyses and technical findings established or obtained in Phase I could be applied
widely with appropriate consideration of the differences in the characteristics of the geological

environment of interest and implementation of appropriate modifications.

2) Engineering technologies

The investigations on engineering techniques for the deep geological environment involved determining
the detailed layout of the underground facilities, cavity stability analyses, design of support systems and
seismic design. In addition, the construction techniques, equipment and systems applicable for the actual
work were selected, detailed construction plans formulated and countermeasures against sudden events and
safety measures were established. Although these designs will eventually be validated based on
information obtained during the excavation of the underground facilities and by in situ tests to be
conducted in Phase III, the results of the design activities at the current stage can be summarized as

follows:

® Evaluation of cavity stability and support system design: the rock mass classification was based on
surface-based investigations using the methods employed in the H12 Report and physical property
values were assigned to each rock mass category. The support system was provisionally established
taking into account the physical properties and referring to standard tunnel specifications. The rock
mechanical stability of tunnels was evaluated for each tunnel support system by 2-D and 3-D finite
element method analyses and it was confirmed that the stress in the support system was below the
acceptable level. The support system design was then finalized. It should be noted that, since this

analysis was conducted in parallel with the Phase I investigations, the layout and size of the tunnels
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and the support system in the initial design were based on data from Step 0 and the design was
updated in the adjusted design based on data from Step 3. As a result, the effectiveness of the design
using rock classes as a parameter and the borehole investigations in/around the location of the
underground facilities was demonstrated.

® Scismic design: A seismic wave model was developed to test the seismic design. The model took
account of the features in the Mizunami region as well as historic earthquakes and nearby active faults
and assuming the Tokai earthquake. Based on the seismic wave model, the allowable stress in the
lining concrete of the shafts was checked using the method employed in the H12 Report. An analysis
was also made of the vertical seismic motion considering the features of very deep shafts. The
analysis indicated sufficient seismic stability of the shafts.

® Techniques for providing feedback of measured data to the planning of design/construction
(intelligent construction method): a detailed feedback flowchart was developed, coupling the rock
mass evaluation to the observations, measurements and respective analyses. For the geological
observations, various rock classification methods were applied to identify the optimum methods for
evaluating the geological conditions of the shaft wall.

® Measures against unexpected high water inflow: planning of the measures to be taken in the event of
sudden unexpected water inflow was based primarily on stopping the water by grouting, considering
that the water in the shafts must be drained to the surface and taking into account that the policy for
the MIU project is to avoid impacts on the surrounding environment. Since grouting after the
occurrence of unexpected high water inflow or a large quantity of water (post-grouting) is expected to
require a long period of time and involve high costs, pre-grouting before such incidents was used as a
reference countermeasure.

® Safety measures: The concept of an integrated management system coupling systems for controlled
entry/exit, fire, environment and communication with ventilation network analysis was developed.
Also, risks were identified using the risk management method considering the features of the shafts;

these were reflected in the safety measures.

A key issue at the conclusion of Phase I is the further improvement of the reliability of the technologies
applicable to the relevant geological environments. It will be important to iterate the application and
evaluation of methods for understanding the geological environment with the progress of stepwise
investigations in the MIU project. This should be done building on the know-how that has been

accumulated as well as experience from failures.

In order to improve the reliability of the technologies applicable to relevant geological environments, the
program in Phase II and subsequent phases will include solving identified issues and verification of the
investigation results (e.g. geological environment models and prediction of the changes of the geological
environment due to construction of underground facilities) and design/construction techniques developed
in Phase I, as well as continuing stepwise investigations based on the iterative approach to improve the
understanding of the geological environment. Based on the additional knowledge obtained in Phase II and
subsequent phases, task flow diagrams that constitute the lower level of the hierarchy of the geosynthesis
data flow diagram will be established to complete the detailed hierarchical technology system. Results

from other research institutes will also help in developing sophisticated technical bases that support the
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disposal project and safety regulations more solidly.

The development of engineering technologies in Phase II will include verifying the design of the
underground facilities based on measured data obtained during excavation and identification of techniques
for construction, construction measures and safety measures. Specifically, data acquisition will continue
and advanced design and construction technologies will be developed through iterative validation of the
URL design. Impacts on the surrounding environment associated with the excavation will also be

monitored.

The detailed investigation program for characterization of the geological environment and development of
engineering technologies in Phase II and subsequent phases will be formulated separately based on the
examinations including the review of the layout of underground facilities using the results of the Phase I

investigations.

The MIU project is in the phase where investigations are being conducted in parallel with the excavation of
the underground facilities. As of the end of March 2007, the Main Shaft and Ventilation Shaft had been
constructed to a depth of about 200 m and excavation of a Sub Stage at the 200 m level had been initiated.
From 2008 onwards, based on the information obtained during excavation, the models of geological
environment (geological model, hydrogeological model, hydrochemical model and rock mechanical model
etc) constructed based on data from the surface-based investigations are to be tested to validate the
surface-based investigation techniques. The design and excavation/lining technologies for the shafts and
research galleries are also to be verified in terms of their effectiveness for the relevant rock and seepage
conditions. The results of these investigations are expected to be compiled as a knowledge base to support
the disposal project and safety regulations, the aim being to contribute to the selection of detailed

investigation areas planned for the early 2010s.

As a core organization for the research and development of geological disposal technologies in Japan,
JAEA will continue to conduct fundamental R&D using the URLs at Horonobe and Mizunami and
laboratory facilities at Tokai (ENTRY, QUALITY, etc.). The results will be published openly, the facilities
opened to the public and cooperation with national and international research organizations and
universities will be promoted. In this way, JAEA will contribute to developing technologies, fostering
researchers and improving acceptance of geological disposal by the public, all of which are required for

supporting disposal projects extending over long periods of time.
The progress described in this report was made possible by collaboration between domestic and

international researchers and research laboratories. We would like to express our gratitude to all of them

and hope for their continuing cooperation and support.
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Appendix 1

Locations of investigations on Regional Hydrogeological Study and the Surface-based
investigation phase at the MIU project
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(Topographic map from 1:25,000 Mikasa, Takenami, Toki and Mizunami maps published by the Geographic Survey Institute of Japan.)
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MIU Project
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Appendix 2

Schedule of the Surface-based investigation phase at the MIU project
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Schedule for the Phase | Investigations

Year/Month
Actions

1]2]3]4a|ls5]6]7]8]9]10]11]12

2002

2003

1]2]3]4a]s5]6]7]8]9]10]11]12

2004

1l2]3]4]5]6]7]8]lolto]11]12]1]2]3]4]5]6]7]8]9l10]11]12]1]2]3

2005 2006

MIU Project

Geological mapping (Step 1)

Reflection seismic surwey (Step 1)

Shallow borehole investigations (Step 2)

VSB24

MSB-1~3

Deep borehole investigations
in MIZ-1borehole (Step 3)

Upper: Plan
Lower: Results

Borehole investigation on geology, geological structures, hydrogeologies and groundwater chemistries

Laboratory examinations on rock mechanics using cores

Laboratory examinations and characterizations on solute transport using cores

Reflection seismic surwey (Step 4)

VSP sunwey in MIZ-1 borehole (Step 4)

Laboratory examinations (Petrophysical characterization)
and initial stress measurement in MIZ-1 borehole (Step 3)

Crosshole tomography surwey between boreholes MIZ-1
and DH-2 (Step 4)

Crosshole hydraulic tests (Step 4)

Long-term hydraulic monitoring

Monitoring of groundwater pressure and level at existing

- Long-term observation of surface hydrology at the Shobasama Site ------------
Monitoring of groundwater pressure at shallow boreholes ---------

Installation

boreholes

Installation Long-term tilte measurement

Installation Long-term observation of surface hydrology at the MIU Construction Site

Installation Monitoring of groundwater pressure in MIZ-1 borehole -

Regional Hydrogeological Study

Rock mechanical investigations in DH-2 borehole (Step 2)

Laboratory examinations on geochemical and petrophysical characteristics
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Appendix 5

Overview of the results of borehole investigations in Regional Hydrogeological Study area
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Core Logging in DH-2 Borehole
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-2; Geology)
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Geophysical Logging in DH-2 Borehole
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-2; Logging)

-301~302 -



2:275.42

35°23'38.90" N, 137°13'49.20" E, 275.42 masl
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-11)
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-12)
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Coordinate X: 8897.29, Y: -65673.85, Z: 277 .51
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-13)
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Borehole Inclination: 0°  from vertical

Geological Observations Fracture Rock Quality Weathering and Alteration*™
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* Rock Mass Classification: Degree of physical disintegration by weathering/alteration in 6 classes; roughly, A (very fresh), B (slightly weathered/altered), CH (weathered/altered except quartz), CM (moderately weathered/altered),
CL (highly weathered/altered), D (extremely weathered/altered)

** Weathering and Alteration: Degree of weathering and alteration; classification simplified from on-site core description manual (JNC, 2002)
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-15; Geology)
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Results from the borehole investigations in the Regional Hydrogeological Study (Borehole DH-15; Logging)
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Appendix 6

Overview of the results of borehole investigations in Shobasama site
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Overview of the MIU-1 Borehole Investigations
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Results from the borehole investigations at the Shobasama Site (Borehole MIU-1)
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Overview of the MIU-2 Borehole Investigations
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Results from the borehole investigations at the Shobasama Site (Borehole MIU-2)
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Results from the borehole investigations at the Shobasama Site (Borehole MIU-3)
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Coordinate X: -68738.087, Y: 5527.836

Geological Overview of the MIU-4 Borehole Investigations
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Results from the borehole investigations at the Shobasama Site (Borehole MIU-4)
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Appendix 7

Overview of the results of borehole investigations in the MIU construction site
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Coordinates X: -68858.514, Y:6378.611, Z: 253.081
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Results from the borehole investigations at the MIU site (Borehole MSB-1; Geology)

- 329~330 -



JAEA-Research 2010-067
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Results from the borehole investigations at the MIU site (Borehole MSB-1; Logging)
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Overview of MSB-2 Investigations (On-site Core Description)

Coordinates X: -69069.074, Y:6448.577, 7:198.488
Borehole Inclination: 0° from vertical

13 August 2003 / N.Kumazaki
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Results from the borehole investigations at the MIU site (Borehole MSB-2; Geology)
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. . . Coordinate X: -69069.074, Y:6448.577, Z:198.488
OVEFVIEW Of MSB'Z Geophysmal Loggmg Borehole Inclination: 0 from vertical 2 September 2003 / N.Kumazaki
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Results from the borehole investigations at the MIU site (Borehole MSB-2; Logging)
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Overview of MSB-3 Investigations (On-site Core Description)

Coordinates X: -68962.856, Y: 6463.090, Z:204.622

Borehole Inclination: 20% from vertical

5 September 2003 / N.Kumazaki
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Results from the borehole investigations at the MIU site (Borehole MSB-3; Geology)
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Results from the borehole investigations at the MIU site (Borehole MSB-3; Logging)

. . . Coordinate X: -68962.856, Y: 6463.090, Z: 204.622
Overview of MSB-3 GeoDhySK:al Loggmg Borehole Inclination: 20° from vertical 2 September 2003 / N.Kumazaki
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Results from the borehole investigations at the MIU site (Borehole MSB-4; Geology)
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Coordinate X:-68774.222,Y:6470.129, Z: 214.448
Borehole Inclination: 0 from vertical 2 September 2003 / N.Kumazaki

Overview of MSB-4 Geophysical Logging
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Results from the borehole investigations at the MIU site (Borehole MSB-4; Logging)
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Overview of the MIZ-1 On-site Core Description

Coordinates x: -68.867.674, y: 6,503.6791, z: 206.563
Borehole Inclination: 0 - 15° from vertical

Original: 27 Celober 2004 | K Sasaki
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* Rock Quality:n (core recovery over 90% in 1m drilling), n (core recovery below 90% in 1m drilling)
* RQD:Rock Quality Designation; defined by the percentage of the sum of lengths of cores over 10cm in the whole core length in 1m drilling
*Rock Mass Classification:Degree of physical disintegration by weathering/alteration in 6 classes; roughly, A (very fresh), B (slightly weathered/altered), CH (weathered/altered except quartz), Cm (moderately weathered/altered),

CL (highly weathered/altered), D (extremely weathered/altered)

§ Weathering and Alteration: Degree of weathering and alteration; classification simplified from on-site core description manual (JNC, 2002)

Results from the borehole investigations at the MIU site (Borehole MIZ-1; Geology)
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Results from the borehole investigations at the MIU site (Borehole MIZ-1; Logging)
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Appendix 8

Techniques/methods for investigation and assessment of geological environment, applied

and developed in the surface-based investigation
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Investigation techniques used/developed for the investigations of

the geological environment in Phase | (1/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Lineament surveys

* Determine correlation between small scale lineaments and discontinuities identified
by other surveys through interpretation of images with the largest scale used.

* Determine what size of lineaments will be effective in estimating discontinuites by
examination of the dimension limit and interpretation precision of lineament that
could be identified by statistical approach.

* The interpretation limit small scale lineament was 300-400 m in length.

* The precision of the location in the interpretation was in the range of 20-60 m.

* The results of statistical analyses of fractal properties indicated that the lineaments and fractures
observed in bedrock outcrops have similar fractal properties. So, the utilization of these results
would allow predicting frequency of fractures over meters to tens of meters in length; these lengths
would be difficult to identify by outcrop surveys or lineament surveys.

* Acquiring data on fractures with a length of several to several tens of meters would be required
during excavation of the underground facilities to evaluate effectiveness of this method and reduce
the uncertainty.

Reflection
seismic survey

* Evaluate the effectiveness of reflection seismic surveys on granite for which
applicability has not been evaluated as well as for sedimentary rocks.

* The NMO (Normal Move Out) correction and deconvolution parameters focused on the granite
were applied as a trial processing/analysis aiming at improving S/N ratio of the reflection events
and reflection imaging accuracy in granite. Surface wave suppression, surface consistent
deconvolution, t relative amplitude preservation and pre-stack time migration were also applied.
* In these processing and analyses, reflection events that seem to reflect actual geological
structures in the granite can be visualized. Therefore, under the condition where the granite is
covered with thick sedimentary rocks, in particular, these processing techniques and methods
would be effective for the interpretation of geological structures.

High density

Geophysical
phys! electric survey

surveys

* Develop a survey technique for areas where granite outcrops and the reflection
seismic survey do not generate clear reflection events such as geological
boundaries in the sedimentary rocks in order to identify discontinuities dipping at
high angles.

* Information obtained at boreholes such as geophysical logging data would contribute to deduce
correct results when used as constrained conditions of inversion.

* For the planning of the investigation program, the survey line should be set considering the
uncertainty of the geological structure being more complicated than anticipated.

Multi-offset
VSP survey

* Evaluate the effectiveness of the multi-offset VSP survey expected to supplement
the result of the reflection seismic survey and to estimate the distributions of
discontinuities and fracture zones in greater detail than the reflection seismic survey
by setting up several sources around the boreholes.

* From the stacking of each off-set VSP after applied VSP migration, discontinuities of reflection
events that are assumed as the extension of the faults dipping at a high angle in the deep granite
that are confirmed/inferred by the surface geological mappings and reflection seismic surveys could
be identified.

* Using the record of two horizontal components of the 3-component geophone in the multi-off-set
VSP surveys, the VSP profile that was obtained by data analyzing and stacking in the same way as
conventional methods could be used for identifying reflection events that are likely faults dipping at
a high angle, and also allow prediction of the distribution of faults dipping at high angles around the
borehole.
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Investigation techniques used/developed for the investigations of geological environment in Phase | (2/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Planning of borehole

* Detailed investigation program taking into account potential problems should be
formulated and updated with the progress of the investigations, because prompt and
appropriate responses should be taken for various problems caused depending on
the conditions of the rocks.

* In planning the investigation program, the targets of the investigations should be
defined based on the understanding of the geological environment obtained in
previous steps, and the layout of the boreholes, and the individual investigation
items and methods have to be optimized and rationalized based on the results of

* an integrated investigation program was formulated for carrying out investigations in borehole
MIU-4 at the Shobasama Site, shallow borehole investigations and deep borehole investigations at
the MIU Construction Site.

* The appropriate borehole diameter for the expected geological environment, drilling installations
such as casing programs and schedules and implementation sections for investigations such as
investigations of borehole wall image, fluid logging , hydraulic tests and groundwater sampling were
coordinated in the investigation program.

* The investigation program included detailed procedures and quality control methods for each

investigations this understanding as well as restrictions such as time and cost , L L , :
. ) ) ) .. investigation objective such as geophysical surveys and hydrological test as well as response
It would be important to study responses against potential problems anticipated for . . .
. . . . ) D options in case of problems such as borehole wall collapse and fluid loss.
the geological environment and to identify in advance investigation data whose . ) L , L L ) L
i o Matrix type organization coupling organization by disciplines and cross sectional organization was
quality may be affected by such countermeasures and to set acceptable limits for established for investiqations
data quality level.. These should be discussed and the results be shared among . ) g 3 L , L
) o Principal investigators (PI) in charge of coordinating the different disciplines were structured on
relevant investigation groups. . o
. : L . . the conventional organization.
* Various investigation needs should be optimized. These should be discussed and | | L . _— _ L _
i o Investigation team for supervising investigation common to different disciplines was established.
the results be shared among relevant investigation groups.
* Because the degradation of data quality due to pressure loss in the flow lines was
of concern, particularly in testing of highly permeable rock, measures such as the
use of larger diameter pipes in the test equipment are required.
* Drilling fluid that infiltrates into the rock should be recovered quickly to allow
quality-assured hydrochemical data to be obtained. Thus, the diameter of the test
Diameter system needs to be enlarged to allow installation of submersible pump such as * The diameter of the boreholes were set 5 1/2" (about 135 mm) or larger, in principle.

Mohno pump with the capability of flow rate above such as 40 (liters/min).
* In the case where drilling becomes difficult when encountering a fault or a similar

Drilling feature deep underground, it will be necessary to leave open the option of drilling

. with a slightly smaller diameter from this depth onwards by setting additional casing
techniques ;
pipes.
* The locations and layout should be decided considering logistical and
Selection of , y , ) g. ) g * The control boring technique was employed in Borehole MIZ-1 considering the restriction on site
, environmental aspects as well as technical and geoscientific reasons based on the . )
locations ) L and system layout and the depth of the geological environment of concern.
goals of the investigations..
The planned control function did not operate effectively in borehole MIZ-1 due to:
Managing the | * insufficient control procedure of the dip angle and direction, and * Borehole was backfilled with cement in the section from the bottom up to intermediate depth, from
drilling trace * insufficient capability of the controlling device used for the strength of the rocks where sidetrack drilling was conducted using the wedge method and MWD method.

encountered.
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Investigation techniques used/developed for the investigations of geological environment in Phase | (3/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Drilling
techniques
(Continued)

Measures
against collapse

* When a collapse occurs during drilling, the drilling should be stopped once, and planned logging
and testing should be conducted to the depth of collapse in order to secure the characterization of
groundwater and rock formations along this section of the borehole.

* After completing the investigations, the collapsed area should be protected with cement before
continuing the drilling and proceed with the investigations in deeper sections.

* If a further collapse occurs in the cement-protected zone, a casing pipe should be inserted to the
depth of the collapse and the pipe should be firmly fixed with cement. Then further drilling would be
possible.

* If a collapse were to occur in the shallow underground, drilling in a borehole with a diameter
equivalent to that before the collapse would be possible by reaming the borehole using a
larger-diameter bit before inserting a casing pipe and protecting the collapsed portion with cement.
* In case of collapse in a deeper section, drilling would be possible by a reduced drilling diameter.
* In case where further drilling might be difficult to carried out due to further borehole collapse
because of the presence of faults, or the delay in operations due to the time required to implement
countermeasures becomes unacceptable, an alternative drilling method using drilling mud should
be applied.

* When drilling mud is used, the quality of cementation could be affected due to the fact that
cleaning the cementation area by the spacer might be insufficient especially in the areas with large
breakout. This results in a poor quality cementation due to poor hardening of the cement (gelation)

Management of
drilling fluid

* Drilling with freshwater can cause on one hand difficulties in removing the drilling
cuttings out of the borehole, and the other hand is not able to create mud cake on
the borehole wall to stabilize the borehole and/or prevented from in- /outflow.

* Removal of the cuttings was improved by selecting drill-bit for smaller grain size cuttings in
combination with an optimized annulus (between drill-pipe and borehole wall) to enhance the flow
velocity of the circulation water.

* The cuttings was actively removed by using a centrifuge separator.

* Because high flow velocity of the circulating water may induce collapse of borehole wall, volume
of the drilling water circulating at the annulus (between drilling pipe and borehole wall) should be
controlled depending on the rock conditions, drilling method, borehole diameter, pumping volume
and pumping pressure.

* A fluorescent dye was added to the drilling fluid and its concentration is controlled periodically to
quantitatively determine the ratio of residual drilling fluid in the groundwater sampled.

Strength of
drilling pipe

* In borehole MIU-4 (controlled drilling with a length of about 790 m) at the
Shobasama Site, the threaded portion of the drill-pipe was broken and the pipe
became jammed due to insufficient discharge of drilling cuttings resulting from the
collapse of the borehole wall in a fault zone. It took approximately 3 months of
activities to recover the jammed pipe and to stabilize the borehole (injection with

cement).

* The drill-pipe used in the MIU-1 borehole became jammed due to breakage of the
temporary stainless steel casing pipe, causing a delay of about 1.5 months in the

drilling work.

* Special attention has to be paid to the selection of the strength of the connectors and torque
management during drilling and the strength of the pipe itself, in addition to measures for
prevention of borehole wall collapse and drilling fluid management.
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Investigation techniques used/developed for the investigations of geological environment in Phase | (4/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Drilling
techniques
(Continued)

Recording of

* Required for controlling drillings, characterizing geological environment and
obtaining information on the conditions in the borehole such as fluid loss.
* Required for taking prompt measures against problems.

* Drilling parameters were acquired including drilling efficiency, torque, rotational speed, bit load,
circulation pressure, drilling fluid balance, water temperature, electrical conductivity, pH, viscosity,
density etc.

*Continuous monitoring and recording of drilling parameters would allow determining borehole
conditions and optimum drilling parameters for the drilling in the future. They would be important as
signals of borehole collapse such as increase in the drill slime and detection of increase of pumping
pressure due to plugging and conductivity, or as a guideline for optimization of drilling bit and

drillin o i . arameters.
g * Prompt acquisition would be required, because these data could be utilized as E) ) , . . o . )
parameters , ) L ) ) The geological environment characteristics utilized in identifying the depth of important water
information for estimating the location and scale of the problem and selecting ) . .
) . . conducting features include parameters such as return water volume, water temperature, electrical
sections for hydraulic tests and/or sampling. .
conductivity, and pH.
* A monitoring system was introduced after Borehole MIU-4 that could acquire data on parameters
continuously.
* Data could be monitored at any time on a personal computer at the office via the telephone line
connection from the field.
* The triple-core wireline method was used, which introduces a transparent acrylic liner in the inner
core barrel.
* A high core recovery rate is a key issue in borehole drilling. * Drilling parameters including drilling water volume, rotation rate, drilling rate, and optimum drilling
Sampling of * Although the core recovery rate was over 90%, this method involved problems with | sequences based on experiences of the operator need to be established.
drillpcor?es the retrieval of the core from the core barrel, resulting in core damage. In fault zones | * Presently, core sampling relies in many aspects on drilling operator skills, and control of the
the recovery rate drops and, most importantly, fault gauge material from these zones | drilling parameters relies on the sense and experience of the operator. However, since the data on
cannot be recovered for analysis drilling parameters obtained in Phase | are those based on operators' experience, optimum drilling
procedures established by quantifying these should be defined in the investigation program or
construction procedures.
Borehole Above 5%’
diameter
Basic Casing program | Multistage drilling
speC|f|cat|on Drilling water Fresh water tagged with fluorescent dye
for the deep Control for the Monitoring for fluorescent dye concentration and loss of
borehole drilling water drilling fluid during drilling
investigation Coring Triple-barrel drilling method with an acrylic inner core barrel
for Toki Fluid loss l\P/II:tgeggigg ;Vlthcl;_ecll'\lflo(I;Z)St Circulation
Granite in the Borehole : &9
MIU Project protection Collapse Partial cementing
Large scale Installation of casing pipes and full hole
collapse cementing
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Investigation techniques used/developed for the investigations of geological environment in Phase | (5/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Geophysical | Identification of
logging fracture zone

* Formulate an objective definition and identification criteria of fracture zones.

* Principal component analysis22) was conducted using multiple data obtained by the borehole wall
imaging, geophysical logging, etc., which allows continuous quantitative data versus depth to be
obtained..

* This method is considered to be generally effective to distinguish background fractured rock from
fractured/ altered zones because the degree of fracturing or alteration is greater when the principal
component score is lower and because no distinct fractures were observed in the zones identified as
background fractured rock based on the principal component scores

Fluid logging

* Develop a technique (fluid electrical conductivity (FEC) logging method) to detect
water conducting fractures with significant changes in the electrical conductivity by
measuring electrical conductivity along boreholes while continuing pumping after
replacement of borehole water with water whose conductivity is different from that
of the groundwater such as deionized water or saline water.

* Replacement of borehole water with the refined deionized water by circulating borehole water via
ion-exchange resin would allow identifying specific inflow points that could not be detected by
conventional flow meter logging.

* Detection of water conducting features with transmissivity of 10°m? s™ or larger would be possible.

* The FEC logging could detect water conducting features with a transmissivity two orders of magnitude
lower than that detected by flow-meter logging method using impeller or electric-magnetic flow-meter etc.
* In evaluating the results of the fluid electric conductivity logging, differences in the electric conductivity
of the groundwater should be taken into account and hydraulic test should also be conducted for water
conducting features.

Hydraulic testing

* Improve test system, development of test methods, improvement of data
evaluation method to acquire date with a certain quality for rocks with a wide range
of hydraulic characteristics (10"2~10° m?s™).

* Use of larger pipe diameter to reduce pipe line resistance in highly permeable rocks.

* Pump modified so that large volume of water could be pumped and borehole storage could be reduced,
and a system possible to install the modified pump was manufactured aiming at acquiring data during the
time period when hydraulic characteristics could be evaluated appropriate for a long period of time by
reducing the effect of borehole storage.

* Develop a test sequence that allows effective testing (sequential test) by selecting testing method
appropriated for the permeability in the test interval.

* For the evaluation of test data, derivative plot of pressure variation was introduced to identify data
range for calculating hydraulic conductivity from obtained data.
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Investigation techniques used/developed for the investigations of geological environment in Phase | (6/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Hydrochemical investigations

* Determine contamination rate due to mixing of drilling fluid into in-situ
groundwater.

* Groundwater could not be sampled from a section with fractures (fracture zone)
in the deep borehole investigations at the Shobasama Site (MIU-1, 2 and 3). In
these investigations, ground water sampling was planned to occur after
completion of drilling to the target depth (1000 m). However during a large
volume of drilling fluid (tens to hundreds of cubic meters) were injected to the
rock mass and could not be decontaminated the drilling fluid.

* To solve this a procedure was developed in which, when fluid loss is found, the
drilling is stopped, and groundwater sampling will be conducted simultaneously
with the pumping test aiming at reducing drilling fluid contamination.

* Overcome the drawbacks of the water sampling method with a normal pumping
test on the surface such as change in concentration of dissolved gas and
physico-chemical parameters due to degassing during pumping.

* To check wether there is disturbance of geological environment associated with
borehole drillings.

* Add a tracer (fluorescent dye) in the drilling fluid and manage the concentration in constant during
drilling.

* Groundwater is then sampled when the concentration of the fluorescent dye is sufficiently low (aiming
at < 1% drilling fluid contamination) whereby the physico-chemical parameters, like as pH and electric
conductivity, would no longer change significantly The groundwater chemistry (major components) and
concentrations of fluorescent dye in the groundwater discharged during the pumping test are analyzed
and measured on a regular basis.. In cases where the concentration of the fluorescent dye cannot be
reduced sufficiently, the groundwater chemistry of the formation not contaminated by the drilling fluid
can be estimated through extrapolation, based on the relationship between the concentration of the
fluorescent dye and the groundwater chemistry..

* Monitor regularly the pH and electric conductivity of the drilling fluid during drilling. It will be
necessary to exchange the drilling water when any sign of change in the fluid chemistry might be
detected.

* As a measure against changes in the concentration of dissolved gases and physicochemical
parameter values, butch-type sampling bottle shall be inserted to the sampling intervals of the pumping
test system to sample water under the in-situ pressure condition, or sample groundwater using
dedicated sampling system after the pumping tests.

* in order to acquire redox potential of the groundwater, it would be required to conduct prediction based
on thermodynamic calculation on the redox reaction by redox reaction materials in the rocks and
artificial redox reaction materials introduced underground during the borehole drilling, and to check for a
redox reaction limiting phase that may have been introduced during drilling, and to check for the redox
reaction limiting solid phases artificially introduced during borehole wall image surveys.

Initial stress measurement

* Develop a method that allows determining the magnitude and orientation of the
3D principal rock stresses without any assumption in calculation for borehole
investigations.

* To overcome water resistance, thermal resistance and handling difficulties.

* Modify the conventional initial stress measurement method based on the
existing stress relief technique to enhance its applicability for deep boreholes.

* The initial stress measurement system was developed that consists of a strain gauge cell and a
cementing tool for measuring the strain at stress relief, a data logger for recording the strain at stress
relief, a magnetic compass, an inclinometer and a power supply system (lithium battery).

* With the adoption of a scheme that describes the sequence of processes, starting from the drilling of
the pilot hole through the installation of the initial stress measurement system and to the overcoring for
the wireline system, the efficiency of the measurement process was significantly improved. The
applicability of the system to the deep underground was demonstrated at the Tono Mine.

* The distribution of major discontinuities should be determined before planning the measurement work,
because the initial stress states may vary significantly depending on the existence of discontinuities
such as faults such as fault.

Modeling of
geology/hydrogeology and
groundwater flow simulation

* Develop support tools for the prompt modeling of geological environment.

* Integrated modeling and simulation system, GEOMASS (GEOLOGICAL MODELING ANALYSIS AND
SIMULATION SOFTWARE), was developed, which consists of software and analysis codes that are
required for a series of tasks including geological and hydrogeological modeling, and groundwater flow
simulation.
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Investigation techniques used/developed for the investigations of geological environment in Phase | (7/7)

Investigation techniques

Objectives, background, problems, etc

Findings, know-how and issues

Quality control

* To continually improve the credibility of R&D results on geological disposal
techniques and characterization of the geological environment,.

* It is important pay attention to transparency, traceability, openness and peer review for ensuring
quality of the research results.

* It would be required to anticipate potential events in advance and make provisions of measures
against each of the events, to achieve the investigation objectives effectively and appropriately.

* Implementation planning documents were formulated for the various investigations, such as borehole
investigations and geophysical surveys following the action program.

*The implementation planning documents defined work schedules, organizational structure,
investigation/analysis methods to be employed, countermeasures against expected difficulties, and
work procedures and checklists for quality control and safety assurance and also require the approval of
the person in charge of quality control at the beginning of each investigation.

* Since the work scope will vary for the borehole investigations, quality control plans were prepared for
the investigation work according to the investigation program.

* In the deep borehole investigations (borehole MIZ-1), plans were prepared for operations such as
drilling, core logging, laboratory examinations on cores, investigations of borehole wall image,
geophysical logging, hydraulic tests and analyses of well water, drilling fluid and pumped samples to
ensure the quality of the results.

* A review was provided by experts with experience in similar cases.

* The PDPC (Process Decision Program Chart) was utilized.
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Cooperation with Universities and other Organizations (1/2)

Organizations and Sections Title of Research Outline of activities and results of the cooperation Period
[University, Organization]
Study on groundwater characterization: As part of the study for development of comprehensive hydrogeological investigation and analysis system,
Graduate School of Development of comprehensive preliminary studies on water balance on the ground surface were conducted, which indicated the 1996-1999
Science & Engineering hydrological investigation and analysis effectiveness of the analysis technique based on a artificial neural network model in determining the water
system balance and evaluating correlations among surface monitoring data.
Saitama University o For the development of utilization method of groundwater monitoring data for the development of a
Study on characterization of groundwater . T o
hydrogeological model, the groundwater monitoring data was analyzed based on an artificail neural network
Geosphere Research flow: T o o ] o ] )
. ) . . model, which indicated the feasibility of determining correlation among monitoring data and estimation of 2000-2002
Institute Development of a modeling technique using . ] o o
L hydrogeological zone based on the correlation. Artificial effects on the monitoring data can also be
groundwater monitoring data o
quantitatively evaluated.
) Study on the effects of microbial on deep ) . ) ) . . o
Department of Synthetic . To investigate the roles of micobes deep underground in sedimentary rock formation and granite in the Tono
) ] ] underground environment: ] . ) .
. . Chemistry and Biological . . ) . area, enzymes produced by the microbial were analyzed based on a DNA analysis technique. As a result,
Kyoto University ) (2)Analysis of microbial ecosystem and its . L o . . . 1998-1999
Chemistry, Faculty of . i i microbe activity involving in the formation of reducing environment could be extracted, and enzymes
) : material circulation system in the deep ) , L e
Engineering produced during the course of their metabolism identified.
underground
Department of Applied Study on the effects of microbial on deep For the groundwater in the sedimentary rock formation (Mizunami Group), quantity of microbes present in
Biological Science, Faculty | underground environment: the ground water was measured to determine roles of microbes deep underground. The result indicated that 1998-1999
of Applied Biological (1) diversity of microbial ecosystem and there is a correlation between the presence of particular types of microbial (sulfate-reducing bacteria, and
Science their functions in the deep underground iron-oxidation, reducing bacteria) and hydrochemical characteristics of the groundwater.
Hiroshima Universit For the groundwater in the granite (Toki Granite), quantity of microbes present in the ground water was
y Department of Applied Study on the effects of microbial on deep measured to determine roles of microbes in the deep underground environment. The result indicated that
Biological Science, Faculty | underground environment: there is a correlation between the presence of particular types of microbial (sulfate-reducing bacteria, and 2000-2002
of Applied Biological Species of underground microbial iron-oxidation, reducing bacteria) and hydrochemical characteristics of the groundwater. A method for
Science communities and diversity of metabolism sampling specimens for the studies on microbial using rocks was established for the sedimentary rock
formation (Mizunami Group) and granite (Toki Granite).
For granitic rock mass formed in different era, anisotropy of joints was investigated based on field surveys
Evaluation of fracturing mechanism in the and laboratory tests (measurement of elastic wave velocity). The results indicated that the orientation of
School of Engineering solidification and fixation processes of fractures is consistent with that of joints distributed on the outcrop, the anisotropy of the elastic wave velocity | 2000-2002
magma and permeable fractures shows a good consistency with that of joint plane and micro cracking, suggesting that joint structures and
development level of joint plane could be evaluated based on the anisotropy of the elastic wave velocity.
, , Change in the dip on the ground surface associated with the excavation of tunnels was measured using an
Tohoku University D . T .
inclinometer that could measure minute inclination in the order of nano-radian to develop a technology for
L . estimating hydrogeological structure that could affect on the groundwater flow based on minute inclination
Graduate School of Development of monitoring technologies . ] L )
data measured on the ground surface. The result of inverse analysis using inclination data obtained to date | 2005-

Environmental Studies

based on clinometers

indicated that obtained zones where the ground water is increased or reduced are consistent with the
hydrogeological structure identified/predicted in the studies to date, suggesting the effectiveness of this
technique in predicting the hydrogeological structure.

- 367~368 -




JAEA-Research 2010-067

Cooperation with Universities and other Organizations (1/2)

Organizations and Sections Title of Research Outline of activities and results of the cooperation Period
) For sedimentary rock formations and granitic rocks in the Tono area, isotopes of strontium and rare gases
Laboratory for Earthquake | Development of geochemical study . o . .
i ) i o were measured to estimate the origin and chemistry formation processes of the groundwater. The result
University of Tokyo Chemistry, Graduate methodology based on strontium isotopes o o ] ] ) . 2001-2003
. indicated that origin of the ground water was meteoric water in the past and that water-rock interaction was
School of Science and rare gases ) )
the major process to form the chemistry of the groundwater.
A method was developed in which organics in the groundwater were segregated based on their molecular
size, and concentration of metal ions were quantitatively analyzed for each segregated solution, to acquire
o ] preliminary data on the complexation with metal ions. The result indicated that the analysis of polymer
Division of Earth Science, ) o ) ) »
) ) ) Study on chemical characteristics of compound based on the 3-D fluorescence spectrum and analysis of low-molecular organics composition
Hokkaido University Graduate School of o ] ] ] o . } 2002-2004
) . organics in the natural environment based on the fast ion-chromatography would be effective as a method to preliminary determine organics that
Environmental Science ) o ) ) .
constitute the humin in the groundwater and their structural features, and that the concentration of solution
for each molecular size with reverse osmosis membrane utilizing groundwater pressure would be effective
and easy method as a concentration method of natural origin organics.
Preliminary study on analysis of stress field | In order to develop technologies to reconstruct paelostress field, healed microcracks were measured three
due to micro cracking using a luminoscope: | dimensionally and fluid inclusions were measured for the Toki Granite. The result indicated that axis of the
) ) Graduate school of Reconstruction of paelostress field based principal stress when the healed cracks were formed was oriented in the N-S direction, and that the
Waseda University . ) i ) ) ) ) o ) ) L i 2003-2005
Education on quasi-three dimensional analysis of formation period was 70-60 Ma, which is consistent with the movement direction of the plate at that time
healed microcracks developed in the granite | considering the revolution of south western Japan due to expansion of the Japan Sea. Thus the method
- Case study for Awaji-Nojima Granite developed in this study would be effective in the reconstruction of the paelostress.
[Other organization]
) ) For the AE method and DRA method, effect of time period between sampling of cores and measurement of
New Energy and Industrial Institute fro ) o ) o
Study on advanced rock stress evaluation the initial stress on the measurement results were determined quantitatively to develop an advanced rock
Technology Development Geo-Resources and . . . o o 2004-2006
o i method using cores stress evaluation method using cores. The result indicated that variability of the measured values were larger
Organization Environment ) ) ) ) ) )
for larger time period, and the reason for that will need to be investigated in the future.
[Oversea organizations]
Activities relevant to the development of site characterization techniques include analysis for predicting
. o fracture density distribution based on geostatistical approach aiming at establishing a method to evaluate
Development of site characterization ) ) o o
SNL, USA techn correlation between quantity of data and prediction results, development of prediction method of the 1999-2002
echniques
a distribution of hydraulic conductivity along the boreholes based on the artificial neural network model, and
study on evaluation of uncertainties associated with the hydrogeologicalconceptual model.
. . Technical support were provided for the URL projects in terms of formulation of overall program, and
NAGRA, Switzerland Support for planning URL programs o . o ) o 2001-
planning, implementation and compilation of the results of deep borehole investigations.
As part of development and utilization of in-situ investigation method and modeling techniques to
Development of investigation technologies | characterize hydrogeology and hydrochemistry of the groundwater in the granite, general information
KAERI, Korea 2004-

on geological environment

exchange, technical discussion and staff exchange were made between URLs in both institutes (MIU and
Korean URL).
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Appendix 10

Glossary
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Safety assessment

The impacts of the geological disposal system on human health and the environment are analyzed
based on predictions of the future behavior of the system and the results are compared with safety
criteria defined using appropriate indicators such as dose in order to determine whether the disposal
system is acceptable in terms of its safety. The series of analyses conducted as part of the safety

assessment is called the safety analysis.

Excavation Disturbed Zone (EDZ)

When excavating a tunnel in rock, the mechanical properties of the rock, the deformation
characteristics, hydraulic properties such as hydraulic conductivity and hydrochemical properties
such as the redox potential of groundwater could be changed due to the generation and propagation
of fractures, changes in stress conditions and changes in pore pressure. The zone where these
changes are expected is called the excavation disturbed zone (EDZ). The EDZ consists of three
sub-zones: the excavation damaged zone where rock properties are degraded due to microcracks, the
unsaturated zone where pore pressure is decreased and hydrochemical conditions may be changed
and the stress redistribution zone where stress conditions may be changed and existing fractures may

be opened or closed.

Salinity
Quantity of dissolved substance in one kilogram of groundwater or seawater expressed in grams. The

salinity of seawater in the open sea is 35 grams on average, which is denoted as 35 “/q.

Preliminary investigation areas
Areas selected by NUMO from the volunteer areas (based on literature surveys), where
investigations from the ground surface (preliminary investigations) will be conducted. These will

include borehole investigations, surface reconnaissance and geophysical surveys.

Lower sparsely fractured domain
A rock zone with sparsely distributed fractures dipping at low angles (0-30 degrees) in the Toki
Granite, which is covered by the Mizunami Group; one of geological structural zones defined during

the studies of granite by the Tono Geoscience Center.

Redox potential

A quantitative measure for the oxidizing strength of an aqueous solution. Equilibrium electric
potential of the redox electrodes.

Sorption

Reaction between solid surfaces and atoms, molecules or particles. Generally, sorption is understood
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to include both absorption (sorption occurring in the pore of a solid) and adsorption (sorption on the
solid surface without pores). Sorption phenomena can be divided into chemical sorption based on
forces comparable to those that produce chemical compounds (chemical bonding) and physical

sorption based on weak intermolecular forces such as Van der Waals forces.

Upper highly fractured domain
A rock zone with relatively densely distributed fractures dipping at low angles (0-30 degrees) in the
Toki Granite which is covered by the Mizunami Group; one of geological structural zones defined

during studies of granite by the Tono Geoscience Center.

Hydraulic properties

Properties of groundwater relating to its flow characteristics, such as flow velocity and flow rate.

Detailed investigation areas
Areas selected by NUMO (based on the preliminary investigations), where more intensive
geological characterization from the surface and investigations in underground research facilities

(detailed investigations) will be conducted for the selection of a final repository site.

Fault

A fracture along which the rocks on both sides have undergone displacement relative to one another
parallel to the fracture. The zone where most of the displacement in the fault occurs is called the
fault core, which includes, in addition to single slip planes, unconsolidated fault gouge with
abundant clay minerals, brecciated alteration zones or significantly hardened cataclastic zones. A
zone with a network of geological structures (small faults, veins, fractures, cleavage and folds)
formed secondarily along the fault core is called the fault damaged zone.

In this report, faults that have moved periodically within hundreds of thousands of years and are
likely to be active in the future are called active faults and those that have moved in the era older

than this and are unlikely to be active now and in the future are called geological faults.
Retardation
A phenomenon in which migration of substances such as radionuclides could be delayed due to

reaction with rock matrix (e.g. sorption).

Hydrochemical properties

Chemical properties of groundwater, including chemical composition, pH and redox potential.

Geological environment

Underground environment from the perspective of geological disposal, that consists of rocks and
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associated groundwater.

Geological environment conditions

Conditions of the geological environment from the perspective of geological disposal. Two aspects
can be highlighted: characteristics of rocks and groundwater (geological environment characteristics)
and their long-term stability (long-term stability of the geological environment). The former includes
hydrology and hydrochemistry of groundwater, thermal and mechanical rock properties and mass
transport characteristics in the rock. The latter includes the likelihood of potential natural events
(earthquakes/fault activity, volcanic/igneous activity, uplift/subsidence/erosion and changes in

climate/sea-level) that could affect the properties of rocks and groundwater, and their consequences.

Geological environment model

A model visualizing (conceptualizing) the distribution of geology, groundwater properties and other
rocks characteristics from the ground surface to the deep underground based on interpretation of
existing information and information acquired from investigations. Depending on the objective of
visualization and the information to be described, models are classified into geological models,
hydrogeological models, hydrochemical models, rock mechanical models and mass transport models.
There are two types: ones representing current conditions in the field at a certain point in time and
the other representing the evolution of phenomena with time. These models are updated as
information increases and are used as a tool for estimating the level of understanding of the

geological environment as well as for predicting future conditions.

Geological model: Model representing the spatial distribution of geology and geological structures.

Hydrogeological model: Model representing the spatial distribution of hydraulic properties (see
“hydraulic properties”) such as hydraulic conductivity. The
hydrogeological model will be used for numerical analyses to
predict the evolution of groundwater flow with time (groundwater
flow analyses). The hydrogeological model and the groundwater
flow analyses are collectively termed the groundwater flow model.

Hydrochemical model: Model representing the spatial distribution of groundwater chemistry
and its processes (e.g. mixing of groundwater with different
chemistries and water-mineral-organism interactions). There are
two types: those expressing the observed hydrogeochemistry on a
conceptual basis and those expressing the observed
hydrogeochemistry mathematically.

Mass transport model: Model representing mass transport phenomena (see “mass transport™)
and a simplified structure of the field where the transport

phenomena occur. There are two types: those expressing mass
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transport on a conceptual basis and those expressing it on a
mathematical basis,

Rock mechanical model: Model representing the spatial distribution of physical and
mechanical properties and initial stress conditions. The rock
mechanical model is used for numerical analyses to evaluate the

effects of tunnel excavation.

Hydraulic gradient

The change in water pressure (more precisely, total hydraulic head) per unit distance of flow in a
groundwater flow direction; one of the factors determining groundwater movement. Since
groundwater flows from a point with high pressure to one with low pressure, the direction of the

hydraulic gradient would be normal to the contour lines with the same pressure.

Natural analogue

Phenomena occurring in nature that demonstrate long-term evolution of systems in the past that are
similar to geological disposal systems, such as the behavior of radionuclides after waste
emplacement, corrosion/degradation of the engineered barrier.

Examples include volcanic glass from volcanoes, bronze vessels found in ancient monuments and
old cast iron tubes buried in the ground (archeological analogues). Since these are similar to glass or
metals to be used in the engineered barriers system, investigation of their long-term changes will
allow identification of phenomena that can be expected to occur in the engineered barriers and the
validity of their evaluation methods to be checked. In addition, features such as uranium mines that
contain natural radionuclides can be used as natural analogue research locations for the geological

disposal system as a whole.

Uncertainty
A state whereby the results of models developed based on data and knowledge are not determined
conclusively. It can be represented as objective probability evaluated statistically or as subjective

probability based on uncertain knowledge evaluated using other approaches.

Mass transport

Movement (or transport) of substances in the environment. It includes natural phenomena such as
advection (transport of substances associated with the movement of fluid such as groundwater and
air), diffusion (transport of substances from the point with high concentration of the substances
concerned to points with low concentration) and sorption (see “sorption”), but not intentional

movement by humans (e.g. transport of radioactive wastes).
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Discontinuity

Generic expression for structural fractures in rock, which includes fractures, joints, planes of
weakness and faults (zones). It may also include depositional surfaces and erosional surfaces. In this
report, it is taken to mean mainly faults, joints and fractures. Faults and joints are distinguished
based on the displacement parallel to the plane; features with displacement are termed faults, while
those without displacement are termed joints. The term fracture is used as a generic term for faults

and joints, or in cases where there is no clear distinction between faults and joints.

Water conduit
A water flow path when the groundwater flow is considered as a flow of water molecules connecting
pore in the rock. In this report, it means water-conducting features as defined in the report by

Mazurek (2000) as a strip-shaped zone with significantly higher transmistivity in rocks.

Rock burst

A phenomenon in which a portion of rock around a tunnel breaks open abruptly with a loud noise
during tunnel excavation. It is considered to be caused by the release of elastic deformation energy
excessively accumulated in the rocks mass being triggered by the tunnel excavation. It tends to occur
when the rock is hard and massive with relatively low fracturing and with a large overburden or

under high ground pressure.
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