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A study on Geological Modeling for Fractured Rock
Masahiko Osada”, Kunio Watanabe "
Abstract

The proper analysis of groundwater flow in a fractured rock mass is very
important in many geolechnical fields such as dam construction, tunnel excavation, water
resource development within the rock mass and deep underground waste disposal. For
analysing groundwater flow, the proper hydrogeological modelling of a fractured rock
mass is indispensable. It has also been pointed out in many previous studies that a large
amount of groundwater flows through several selected seepage paths called channels that
have developed in a fractured rock mass. It is therefore important to properly evaluate the
channel network in an actual rock mass and to construct a reliable hydrogeological model
of the rock mass before any groundwater analysis is performed.

In Part 1, fractures model for the calculated area is made, channel network is
generated and groundwater flow is calculated in the Tono area of Gifu, Japan. Calculated
area is a real field sile, a 4 km x 6 ki x 3 km (EW, NS, vertical) region. Fractures data
of four 1000 m boreholes (AN1, MIU1, MIU2 and MIU3), located in the MIU site, were
used for constructing fracture model. Groundwalter flows were calculated by using newly
improved Don Chan Program. As the results, six fractures patterns were sclected and
major fractures directions were defined. The calculated piezometric head results at MIU2
borehole, where Tsukiyoshi Fault exists, were checked and compared with the measured
piezometric head values at MIU2 borehole obtained by JINC. The effect of boundary
conditions on the analysis of piczometric head distribution also makes clear by giving
some kinds of boundary conditions. By this study, a new modelling technique for
calculating groundwater flow in fractured rock mass could be proposed.

In Part 11, the improvement of rcliability in the hydrogeological modelling of a
fractured rock mass is cxamined by considering not only the fracture directions and
density but also the mechanical properties of rock. The Equotip Hardness Tester is used
in order to estimate the mechanical properties of rock cores, which has a simple principle
of measurement and is one of objective methods. It is seen by introducing this index that
the useful information for fracture modelling can be obtained such as the estimation of
the fault zone width and the mechanical properties around several seepage paths.

This work was perlormed by Geosphere Research Instilute of Saitama University under contract with Japan Nuclear
Cycle Development nstitute.
INC Liaison : Geoscience Research Group, Tono Geoscience Center Hiromitsu Sacgusa
* Gceosphere Rescarch Institute of Saitama Universily
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FRACTURE MODELING AND
GROUNDWATER FLOW ANALYSIS
IN THE TONO AREA OF GIFU, JAPAN



CHAPTER 1

INTRODUCTION

1.1 Background

Groundwater is the portion of the water beneath the surface of the earth that can be
collected with wells, tunnels or drainage gaileries or that flows naturally to the earth’s
surface via seeps or springs. Today, groundwater is a major source of walter for many
municipalities, industries, irrigation, suburban homes and farms. Groundwater bas been

an important water resource throughout the ages.

Fluid flow in rock mass occurs in two principal ways, flow in the pore network of the
sedimentary rock connecting small spaces between particles {porous media flow) and
flow along faults and fractures in rocks {fracture flow or channel flow). While igneous
and metamorphic rocks (granites, gneisses, etc) yield reasonable amounts of groundwater

only when fractured by faulting or weathering.

A [racture is made up of two surfaces that are wavy and rough. The two surfaces are in
contact with each other in some points but are at a distance from each other at other
points. The openings in the fracture are potential channels. These are only potential
conduits because they have to be connected to other open sections in order to form a
continuous network. When a hydraulic gradient is imposed over a fracture with a
variable aperture, the water will seek out the easiest pathways. If there is a random but
large variation in the transmissivity values in different places, the water will seck out a
tortuous path, always avoiding those sections where the transmissivity is low. In such a
case, most of the water may choose to flow along one path because it is the path with

least resistance for that specific gradient,

The proper analysis of groundwater flow in a fractured rock mass is very important in
many geotechnical fields such as dam construction, tunnel excavation, water resource

development within the rock mass, and deep underground waste disposal. For analysing



groundwater flow, the proper hydrogeological modeling of a fractured rock mass is
indispensable. It has been pointed out in many previous studies that a large amount of
groundwater flows through several selected seepage paths called channels that have
developed in a fractured rock mass (Bear et al,, 1993). Tanaka et al. (1994) and
Watanabe et al. (1994) studied the hydrogeological features in fractured granite in the
Kamaishi Mine, Japan, and concluded that the intersections between conjugate fractures
tend to be the highly permeable channels. There have also been several observations that
indicate that fracture intersections form easy pathways (Abelin et al., 1987; Neretnieks,
1987b; Moreno and Neretnieks, 1988). It is important to properly evaluate the channel
network in an actua) rock mass and to construct a reliable hydrogeological model of the

rock mass before any groundwater analysis is performed.

1.2 Objective and Aim of the Study

The channel network in an actual rock mass, presenting flow in fractures, must be
properly modelled for the analysis of groundwater flow. In order to generate channel
network, fractures model is needed. This study is intended to make fractures model for
the calculated area, to gencrate channel network, to calculate and analyse groundwater
flow in the Tono area of Gifu, Japan. For calculating groundwater flow based on

channel network, we use Donnen-Saitama Channelling Model (Don-Chan Model).

In more detailed explanation, the objectives of this study are:
1. To make fractures model for calculated area by analysing fractures data of four 1000
m boreholes (AN1, MIU1, MIU2 and MIU3), located in the Mizunami Underground
(MIU) site in Tono Area of Gifu, Japan and obtained by Japan Nuclear Cycle
Development Institute (JNC). In the analysis of fractures data, the following steps were
performed:
* Executing fractures patterns interpretations, selecting major fractures and
determining major fractures direction based on stereographic projections of
fractures orientation data read by Borehole Television (BTV) figures.

* Checking connection of fractures among observed boreholes



* Defining representative fractures patterns and major fractures directions afler
comparing with fractures in bore cores.
* Creating a fractures model and combining the fractured tock mass with the

sedimentary rock.

2. To calculate and analyse groundwater flow by using Don-Chan Program. Calculated
area is a 4 km x 6 km x 3 km region including the MIU site. The following steps were
done: |
* Generating the channel network of both fractured rock mass and sedimentary rock
and calculating groundwater flow in this composite model by using Don-Chan
Program
+  Comparing the calculated result at MIU 2 borehole, where Tsukiyoshi Fault exists,

with the measured values at MIU 2 borehole obtained by JNC.

1.3 Summary of Contents
The present thesis consists of six chapters. Brief presentation for each chapter is

furnished as follows:

Chapter 1, is an introduction part and the importance of making fracture model is

explained. The objectives and aims of the present study are bricfly described.

Chapter 2, is concerning the literature review and problems that should be solved in this
study. Rough structure of analysis 1o show the steps of study is also shown as the scope

of study.



Chapter 3, presents basic idea of fracture modeling and groundwater flow analysis by
using Don-Chan Model. Description of stereographic projection, procedure of major
fracture selection based on borehole data, technique of fractures patterns selection,
problems of fractures connection, calculation of fracture zone width and average distance
between fractures are included. Basic concept of Don Chan Model and groundwater flow

calculation by using Don Chan Model are also explained.

Chapter 4, presents the modeling of fractures in Tono Area. Area targeted in this study,
fractures data, and borcholes information are explained in this chapter. Example of
stereographic projections of fractures orientation data read by Borehole Television (BTV)
and the interpretations are briefly described. Each fracture pattern in each observed

borehole is shown in figures using 3-D visualization technique.

Chapter §, is concerning about groundwater flow in a composite media. An example of
Don Chan Model calculation is included in this chapter. Analysis of groundwater flow in
calculated area surrounding MIU site in Tono Area of Gifu is presented followed by the

discussion of calculations results.

Chapter 6, is the conclusions drawn from this study. Further improvement for future

study is also presented.

Beside the mentioned chapters, an abstract is included in this thesis. In addition, contents,

list of tables, list of figures and references are comprehended.



CHAPTER 2

LITERATURE REVIEW AND PROBLEMS SHOULD BE SOLVED

21 Literature Review
2.1.1 Important Geological Factors Affecting Groundwater Flow

surface soil

weathered sedimentary
rock «—+—Tock
_ i
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Figure 2.1.1 Overview of underground rock condition and water conducting features
described in 2.1.



A, Fracture

4. Definition and Terminology

The term fracture is used for any discontinuity that is formed by discrete breaking of a
rock body. Fractures are subdivided into joints, where no displacement has occurred, and
faults where slip has displaced the walls along the discontinuity. The line where a fault
plane cuts the outcrop (or the tunnel wall) is the fault trace. The fault trace terminates at

the tip point, where displacement approaches zero.

On ouicrop scale, faults are neither straight nor infinite in extension. In granite and other
rock, increasing displacement along a fault also results in the growth of the fault trace (or,
in two dimensions, of the fault surface area). Progressive deformation also leads to the
linking of smailer faults into larger fault zones, a process called segment linkage. The
linkage of adjacent faults in a fault step is achieved via splay cracks, which often occur in
clusters of sub parallel single fractures. The final stage of this process results in fault
zones, i.e. complex system of branching faults and diverging splays that form a large,

interconnected system. The terminology is illustrated in the following figure:

Single Fault : \\\\\\\\\
JARARRRRR Q

L
-~

1

Fault zone
(Step Fracture)

1L

Converging splay cracks

1L

Diverging splay cracks : \\\\\\\\\
NI




Master faults

(segments) : \\\\\\\\\
NI

1L

Fault step

}\“;\_\
AN

Figure 2.1.2 Terminology of fracture

b. Classification of Water Conducting Fractures
Referring to the investigations results on the outcrop scale in the classification and
characterization of water-conducting features at ASPO, done by Mazurek, Bossart and
Eliasson, a population of fractures can be classified into groups based on different criteria,
such as geometric parameters of the fractures (fracture width, internal structure),
deformation mechanism (faulting, jointing), host rock lithology or the origin (specific
phases of deformation). The most striking variability among water-conducting features is
their internal structure, namely the presence of one or several shear planes (master faults),
fault steps, and the frequency of diverging and converging splay cracks. For these

reasons, the anatomy of the faults is taken as the prime classification criterion.

In the initial classification scheme, all water-conducting faults were partitioned into the
two principal structural groups “simple” and “complex™ structures, using the number of
master faults and frequency of splay cracks as discriminators. The classification scheme
presented here is a further development. The simple and complex structures are
subdivided into two or threc subgroups, respectively. The new 5 types of water-

conducting features are:

Simple features:
Type 1 - single fault (1 master fault, few splays)

Type 2 — swarm of single faults (2 or more master faults with splays, not connected)



Complex features:

Type 3 — fault zone (2 master faults with connecting splays)

Type 4 - fault zone with rounded geometries (2 master faults with connecting splays and
lens-shaped geometry)

Type 5 — parallel fault zones with long connecting splays (2 or more master faults

connected by splays)

Type 1 = single fault: Structure composed of 1, or for shorter distance 2, master faults
without or with few splay cracks. Water flow is, with the exception of fault steps,

restricted to a very small number of planes (often one single)

Type 2 - swarm of single faults: Although type 2 structures consist of two or more
generally fairly smooth and planar master faults parallel to the main trend of the whole
water-conducting feature, they are classified as simple structures. This is because they
contain very few converging or diverging splay cracks, which are able to hydraulically
connect the individual master faults. The flow regime in such a feature would be simpler
than flow in a fault zone with more intricate fracturing (high density of converging
splays). Munier and Hermanson (1993) denote fracture zones with an internal fracturing

like this a “fracture swarm’’.

Type 3 — fault zone: Structure generally composed of 2 or more master faults and
commonly more than 0.5 converging splay cracks/m {measured along the fault). Locally
(for short distance), it may consist of only 1 master fault. Because the master faults and
the converging splay cracks represent an interconnected system of fractures, water flow
may occur along a number of different flow paths with different flow velocities, which
results in enhanced longitudinal dispersion. The extreme cases are flow entirely within

master faults and flow in splay cracks only.

Type 4 — fault zone with rounded geometries: This type is distinguished from the
classic fault zone (type 3) by the rounded, lens-shaped or undulating fault geometries

(large waviness). In terms of anatomy and the mechanistic understanding of fault



formation, type 4 is very similar to type 3. Two or more master faults and fairly many-
curved splay cracks form rounded shear lenses and undulating, wavy fault planes.
Although some type 4 features may contain only one master fault, the rounded shear
lenses, and thereby intricate geometry of the brittle fracturing implies that they are

classified as complex structures.

Type 5 - parallel fault zones with long connecting splays: Similarly to type 2, type 5
features consist of several smooth and planar master faults. The major difference to type
2 features is that the master faults are connected to each other by another set of smooth
and planar fractures (interpreted as converging splay cracks). It could be argued that type
2 and 5 features are quite similar, the major difference being the connectivity of the

master faults via long splays in type 5.

Type 1 Type 2 Type 3 Type 4 Type 5
Single Swarm of Fault zone Fault zone with Fault zone with
Fault single faults rounded geometry long splays

Figure 2.1.3 Type of water conducting features

A fracture is approximated as shown in the following figure. The fracture is defined as
the set of master fracture and splay fractures. Step fracture can store and transport water.

Master fracture can flow water.,



Type 1,2 Master fracture (it can flow water)

Fault Zone/

Step Fracture

type 3,4
Converging splay (flow, store
cracks type 1,2 water)
(able to hydraulically

connect the individual /
N\

master fracture)

Diverging splay
Cracks
Figure 2.1.4 Model of a fracture and hydraulic features
Although there remains the possibility that the hydraulic naturc is different with fracture
type, the following features are taken into consideration when a hydrogeological map is
reconstructed (Figure 2.1.4):
1. Extremely high permeable and large storage features
*  Step structure
* Intersection line among fractures
2. High permeable part
* major single fracture
3. Low permeable part (groundwater barrier}

*  Hydrothermaly altered big fault

c¢. Water Conducting Fracture in ASPO
Based on the previous study done by Martin Mazurek, Paul Bossart and Thomas Eliasson
in December 1996, at the topic of Classification and Characterization of Water-
Conducting Features at ASPO: Result of Investigation on the Outcrop Scale, some

findings were obtained:
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Hydraulically active and inactive faults

The fractures, which almost contain no water, are called tight fractures (hydraulically
inactive faults). The fractures in which groundwater can easily pass through them are
called open fractures or water conducting fractures (hydraulically active faults). It was
observed that most NW-SE striking faults discharge into the tunnel, whereas many NE-
SW directed faults are dry. This fact is also described by Munier (1993), who performed
detailed fracture measurements in the rock laboratory. He scparated the fractures into
two groups, those, which are tight, and those, which are open and permeable. In spite
of some spread, the data suggest that the orientations of water-conducting fractures are
different from those of the tight fractures. During the excavation of the laboratory, grout
injection into the tunnel front was applied in order to seal highly transmissive fractures.
Most of these grouted, initially highly transmissive fractures are also striking in a NW-

SE direction,

B. Rocks

Rocks are aggregates of one or more mineral. The naturc and properties of a rock are
determined by the minerals in it (particularly those essential minerals such as quartz,
feldspar etc, which individually make up more than 95% of its volume) and by the
manner in which the mineral are arranged relative to each other (the texture of the rock).
The commonly used classification of rocks, however, groups rocks according to how they
were formed, and is based upon this principle. It is a genetic classification of rocks, even
though the criteria it uses to assign a rock to a particular category are the [eatures readily
observed, that is, mineral composition and texture. According to their manner of

formation, rocks are of three main types.

Tgneous rocks are formed from magma, which has originated well below the surface, has
ascended towards the surface, and has crystallised as solid rock as its temperature fall
down. Many different types of mineral occur in igneous rocks, but only about eight,
namely quartz, orthoclase, plagioclase, muscovite, biotite, hornblende, augite and olivine,
are normally present as essential constituents of a rock. Which of the eight are present is

controlled primarily by the order of crystallisation from magma. Since the crystals
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formed early have a higher specific gravity than the remaining liquid of the magma, they
settle downwards or the two fractions, crystals and liquid, may be separated by some

other process of differentiation to give rise eventually to several different types of rock.

Sedimentary rocks are formed by the accumulation and compaction of:
- fragments from pre-existing rocks which have been disintegrated by erosion
- organic debris such as shell fragments or dead plants
- material dissolved in surface waters (rivers, oceans,etc.) or ground water which is

precipitated in conditions of over saturation

The sediment has been transformed into solid rock by compaction as it was buried and
compressed by subsequent deposits. In many cases, minerals in solution in the ground
water have been precipitated to act as natural cement, and bond the fragments together.
The nature of a sedimentary rock, and its position in a scheme of rock classification, are

partly dependent on these original conditions of transport and dcposition.

The commonly used classification of sedimentary rocks uses the general type of material
from which the rock was derived as its principal criterion, and is therefore a genetic
classification. The three principal types of material are rock fragments, mineral material

dissolved in water and organic debris.

Each defines a major group of sedimentary rocks. It is, however, convenient for most
practical purposes to recognise the common chemical and physical properties of
limestone, which are formed from cach and all of the principal materials listed, and to
describe them as a separate major group of sedimentary rocks. The four major groups of
sedimentary rocks are;

» Terrigenous sedimentary rocks (sometimes referred to as clastic or detrital

rocks, which are formed from rock fragments
* Chemical sedimentary rocks, which are formed from the precipitation of

salts dissolved in water

12



* Organic sedimentary rocks, which are formed from the skeletal remains of
plants and animals
* Limestones and dolomites which are sedimentary rocks consisting of more

than 50% carbonate

Mineralogy of sedimentary rocks. The constituents of sedimentary rocks are fragments
from pre-existing rocks and minerals. These may be fresh and unaltered, or may be
alteration products of weathering, such as clay minerals. Quartz is the most common
mineral, which is chemically stable and hard enough to resist abrasion as it is transported.

Textures of Sedimentary Rocks. Chemical sedimentary rocks generally have a crystalline

textures. The only important exception to this is oolitic limestone. The others are formed
of fragments, and their textures are dependent on the sizes, shapes and arrangement of
these fragments. If the rock has been formed from organic debris, then the fragments
may consist of particles of shell or wood, but the texture can be described with the same

terms as are used for other fragmental rocks.

Metamorphic rocks are formed {rom pre-existing rocks of any type which have been
subjected to increases of temperature (T) or pressure (P) or both, such that the rocks
undergo change. This change results in the metamorphic rock being different from the
original parental material in appearance, texture and mineral composition. A

recrystallisation of the original rock may occur if T and P are high.

C. Weathered Rock
The highly weathered rock is decomposed and brown in colour due to oxidation. There

are several chemical and physical reasons for the occurrence of partial weathering. In the
usual case, the infiltration of rainwater and the oxidation are needed in the process of
weathering. Three processes of weathering and erosion at and near the surface transforms

solid rock into unconsolidated rock waste. They are as follows:

The mechanical disintegration of a rock mass at the surface, as water, wind, ice and the

rock fragments carried by them, buffet or press against it, or force it apart. It leads to a

13



physical disaggregation of the original rock mass into smaller particles. ~ For example,
freezing of water within a crack produces an expanded wedge of ice, which forces the

walls of the crack apart.

The chemical reactions between the original minerals of the rock, the near-surface water
and the oxygen of the atmosphere to produce new minerals which are stable under the
conditions at the Earth’s surface and remove other more soluble constituents. Chemical
weathering of several common rock-forming minerals produces clay minerals. These are
normally created by alteration and are said to be secondary minerals. The specific type of
clay formed depends on the composition of the original mineral and the surface
conditions where weathering is taking place. The change is not usually a direct or simple
one. Other alteration products, which are not strictly clays, may be formed as
intermediate stages of the weathering process, and one clay mineral may be transformed
into another more stable one as condition change. For example, chlorite sometimes
occurs as a primary constituent of rock, and sometimes as a secondary mineral formed by

weathering. It is not a clay mineral, but does alter readily to clay.

The biological activity which produces organic acids, thus adding to the chemical
reactions, and which may also be an agent assisting mechanical disintegration. Organic
matter in soils is broken down by microorganisms to give water and either carbon dioxide
or methane and small quantities of ammonia and nitric acid. An excessive accumulation
of decaying organic matter will consume all the available oxygen and produce a reducing
environment, for example, in lakes where circulation is poor. In these circumstances

sulphides form, and pyrite is usually created.

The effectiveness of these processes in destroying the rock is dependent on its constituent
minerals and its texture. For example, a mineral property, such as cleavage, influences
how readily water and air can enter the mineral grain, and speed any reaction. The well
developed cleavages of feldspar allow the change to clay minerals to take place within, as
well as around, the mincral grain. In contrast, quartz is chemically inert and is a

particularly stable mineral. The principal effect of weathering and erosion on it is to

14



reduce the size of cach quartz grain by abrasion, though the hardness of quartz helps to

preserve it from this type of attack as well.

Large cracks and fissures in the rock mass also facilitate the entry of water and air, and so
assist weathering. The more fissures and other rock discontinuities that the rock
possesses, the greater is the surface area exposed to chemical reaction, and hence the

faster weathering takes place.

2.1.2 Groundwater Movement

A. Darcy’s Law

Groundwater in its natural state is invariably moving. This movement is governed by
established hydraulic principles. The flow through aquifers, most of which are natural
porous media, can be expressed by what is known as Darcy’s law. The experimental
verification of Darcy’s law can be performed with water flowing at a rate Q through
cylinder of cross-sectional area A packed with sand and having piezometers a distance L
apart. Total energy heads or fluid potentials, above a datum plane may be expressed by

the Bernoulli Equation:

Py +viRg+ni= pfy +vii2g+mthe (2.1.1)

where, p = pressure, y = the specific weight of water, v = the velocity of tlow, g = the
acceleration of gravity, z = elcvation, hy= head loss. Because velocities in porous media
are usually low, velocity heads may be neglected without appreciable error. Hence, by

rewriting, the head loss becomes

hy = [piy +zl- [p2iy + 2] (2.1.2)

Therefore, the resulting head loss is defined as the potential loss within the sand cylinder,
this energy being lost by frictional resistance dissipated as heat energy. It follows that the

head loss is independent of the inclination of the cylinder. Now, Darcy’s measurements

15



showed that the proportionalitics Q ~ ¢hand Q ~ 1//x exist. The volumetric flow of

groundwater is calculated using Darcy’s law:

Q=-KAdh/ox=gA (2.1.3)

where, Q = the volumetric flow rate [L> T"'] in the x direction, A = the cross-sectional
area for flow, K = the hydraulic conductivity [LT™], 8h/dx = the gradient in hydraulic
head (hydraulic gradient), q = the specific discharge (flow rate per unit area [LT]).

The statement that the flow rate through porous media is proportional to the head loss and

inversely proportional to the length of the flow path, is known universally as Darcy’s law.

The minus sign indicates that fluid moves in the direction of decreasing hydraulic head.
The specific discharge is sometimes referred to as the Darcy flux, Darcy velocity, or bulk
velocity. It is referred to as the Darcy velocity because it assumes that flow occurs
through the entire cross section of the material without regard to solids and pores.
Actually, the flow is limited to the pore space only so that the average interstitial velocity

or the pore water velocity V [LT '] is related to the specific discharge by:

V=g/n

(2.1.4)
where n is the effective porosity.

To define the actual flow velocity, one must consider the microstructure of the rock
material. In water flowing through sand, for example, the pore spaces vary continuously
with location within the medium. This means that the actual velocity is non-uniform,
involving endless accelerations, decelerations and changes in direction. Thus, the actual

velocity depends on specifying a precise point location within the medium.

In applying Darcy’s law, it is important to know the range of validity within which it is

applicable. Darcy’s law is valid for laminar flow, a condition met in the great majority of
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hydrogeologic settings. The Reynolds number (Ng) has been employed 1o establish the

limit of flows described by Darcy’s law. Reynolds number is expressed as:

Nx

1

UL/v (2.1.5)

where U = darcy velocity, L = average grain size and v = kinematic viscosity.

il

Experiments show that Darcy’s law is valid for Ng<1 and does not depart seriously up to
Ng = 10. This, then, represents an upper limit to the validity of Darcy’s law. Fortunately,
most natural underground flow occurs with Ng<l, so Darcy’s law is applicable.
Deviations from Darcy’s law can occur where steep hydraulic gradients exist, such as
near pumped wells, aiso, turbulent flow can be found in rocks such as basalt and

limestone that contain large underground openings.

Applications of Darcy’s law enable groundwater flow rates and directions to be evaluated.
The dispersion, or mixing, resulted from flows through porous media produces
irregularities of flow that can be studied by tracers. Groundwater velocities vary widely
depending on local hydrogeologic conditions. In media with lower hydraulic conductivity,
groundwater velocities are corresponding lower.  Usually, velocities tend to decrease
with depth as porosities and permeability also decrease. Velocities can range from
negligible (all groundwater within the hydrologic cycle should be regarded as in
continuous motion, although it must be granted, some of it flows at extremely small rates)
to those of turbulent streams in underground openings within basalt and limestone.

Mechanisms such as well and drains act to accelerate flows.

B. Hydraulic Potential and Fluid Flux
Groundwater flows through interconnected void spaces, along micro cracks between
grain boundaries and in larger-scale fractures. Groundwater moves in response to
differences in fluid pressure and elevation. The driving force is measured in terms of

hydraulic head, h [L], where:

h = z+(p/pg) (2.1.6)
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where, z = the elevation of the measurement point above datum, p = the pressure of a

fluid with constant density p and g = the acceleration due to gravity.

Hydraulic head, also referred to as the piezometric or potentiometric head, is equal to the
mechanical energy per unit weight of the fluid. Contribution from kinetic energy to
hydraulic head can be neglected in almost all cascs because groundwater velocities are so
low. Groundwater flows from regions where the hydraulic head is higher toward regions
where it is lower. By convention, pressure is expressed in terms of values above

atmospheric pressure (gauge pressure). Defining the pressure head as:

hy,= p/pg (2.1.7)

leads to

h=z+h, (2.1.8)

Contour maps of hydraulic head are used to infer directions of subsurface fluid flow since
flow will be everywhere normal to the head contours in an isotropic medium. Fluid flow

is in the same direction as the hydraulic gradient.

C. Transmissivity

The term transmissivity, T is widely employed in groundwater hydraulics. It may be
defined as the rate at which water of prevailing kinematic viscosity is transmitted through
a unit width of the saturated aquifer under a unit hydraulic gradient. It follows that the

unit of transmissivity is m*/day.

It should be emphasized that transmissivity is specifically defined for two-dimensional,
horizontal analysis, having the aquifer thickness included within their values. In the case
of horizontal flow through a layer of thickness b, one derived parameter commonly used
is transmissivity, T, [L*T""). It is the product of hydraulic conductivity (K) and the layer

thickness/saturated thickness of the aquifer (b).

T=Kb (2.1.9)
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D. Hydraulic Conductivity

The hydraulic conductivity is a measure of the ability of the soil to transmit water and
depends upon both the properties of the soil (medium) and the fluid. Total porosity,
pore-size distribution, and pore continuity are the important soil characteristics affecting
hydraulic conductivity, Fluid properties affecting hydraulic conductivity are viscosity

and density.

For practical work in groundwater hydrology, where water is the prevailing fluid,
hydraulic conductivity K is employed. A medium has a unit hydraulic conductivity if it
will transmit in unit time a unit volume of groundwater at the prevailing kinematic
viscosity through a cross section of unit area, measured at right angles to the dircction of
flow, under a unit hydraulic gradient. The unit is m/day, indicating that hydraulic

conductivity has unit of velocity.

The hydraulic conductivity of a soil or rock depends on a variety of physical factors,
including porosity, particle size and distribution, shape of particles, arrangement of
particles, and other factors. In general, for unconsolidated porous media, hydraulic
conductivity varies with particle size. Clayey materials exhibit low values of hydraulic

conductivity, whereas sands and gravels display high values.

E. Permeability

The permeability of a rock or soil defines its ability to transmit a fluid. This is a property
of the medium only and is independent of fluid properties. To separate the effects of the
medium from those of the fluid and to avoid confusion with hydraulic conductivity,
which include the properties of groundwater, the intrinsic permeability (k) is defined in

the following expression:

K = kpg/p (2.1.10)

where, K = hydraulic conductivity, k = permeability, is a properly of the medium only

[L%], g = acceleration of gravity, p = fluid density, p = dynamic viscosity of the fluid.
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Thus, intrinsic permeability possesses units of area. The following table shows

representative ranges in hydraulic conductivity and permeability for a variety of sediment

and rock types.

Table 2.1.1. Representative Values of Hydraulic Conductivity and

Permeability

Sediment or Rock Type Hydraulic Conductivity |[Permeability
m/day m’

Clays 107107 10" - 10"
Silts 10 - 10° 10'9-10"
Fine to Course Sands 107 - 10" 10 -107
Gravels 10** - 10" 1017107
Shales (matrix) 10% - 10" 102 - 10°°
Shales
{fractured and weathered) 10 -10° 107 - 1071
Sandstones (well-cemented) 107 - 10 1077 - 10
Sandstones (friable) 107 - 10° 10— 10"
Salt 1077 - 10" 10 - 107
Anhydrate 107 -10° 1017- 1078
Unfractured igneous and
metamorphic rocks 10° - 107 102 - 10"
Fractured igneous and
metamorphic rocks 107 - 10 1077 - 107"

F. Hydraulic Properties of a Porous Medium (Porosity)

Porosity is defined as the fraction of void space per unit volume of porous medium.
Porosity is a dimensionless number less than 1, although it is frequently reported as a
percentage. Effective porosity includes only that void space that forms part of the
interconnected flow paths through the medium and excludes void space in isolated or

dead-end pores.

Primary porosity refers to the void space between grains while secondary porosity is due

either to fracturing or to chemical dissolution of the mineral framework. Although
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fracture porosity may be in the order of 0.1 percent or less, a well-connected fracture

network can have a large impact on hydraulic conductivity.

2.1.3 Flow System Characteristics for Selected Geologic Settings

The hydraulic properties of crystalline rock are strongly dependent upon the presence and
extent of fracturing. Faults are fractures along which shear displacement has occurred.
Joints are openings in which there has been no movement parallel to the fracture plane.
Joints typically have lengths on the order of centimetres to tens of meters and occur in
sets defined on the basis of the orientation of joint planes. Because of these preferred

orientations, the hydraulic properties of fractured rocks are commonly anisotropic.

Breakdown of the rock matrix, and a greater amount of fracturing can create a zone
where the permeability is two to three orders of magnitude higher than in the parent rock.
Fractured media at a local scale can be extremely heterogeneous. Fracture properties
conirolling fluid flux include the number of fractures, spacing, fracture length, orientation
of fracture set and fracture aperture. It should be recognized, however, that there might
be a weak correlation between fracture density and permeability. Fractures that are
steeply dipping are poorly sampled with vertical boreholes. Their presence and
abundance may become apparent only during hydraulic testing. Alternatively, inclined

boreholes could be considered.

Effective permeability of crystalline rock typically decreases by two or three orders of
magnitude in the first several hundred meters below ground surface, as the number of

fractures decreases and fracture close under increasing overburden pressure.

A. Groundwater in Igneous and Metamorphic rocks

Solid pieces of fresh metamorphic and plutonic igneous rocks have porosities of less than
3 percent and most commonly less than 1 percent. The few pores that present are small
and generally are not interconnected. As a result, permeability is so small that they can
be regarded as zero in almost all practical problems. Appreciable porosity and

permeability, however, are developed through fracturing and weathering of the rock. The
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aquifer tests indicated that permeability values parallel with the strike of the beds were

two or three times the average permeability.

Fractures those are not associated with pronounced faults produce only a small increase
in the overall porosity of rocks. Well yields suggest that permeability produced by
fracturing of unweathered rock within a few hundred feet of the surface generally range
from 0.001 to 10.0 darcys. Microscopically, the permeability varies from nearly zero in
the solid rock to as much as several hundred darcys along highly fractured zones. Owing
to the single orientation of most water-bearing fractures, the permeability of the rock as a

whole is strongly anisotropic.

Effect of weathering may extend more than 300 feet into bedrock in regions of intense
weathering. Depths of weathering of from 5 to 50 feet, however, are normally
encountered. Hydrated minerals in weathered rock at the surface will form loose
aggregates, which have porosities in excess of 35 percent. The porosity decreases with
depth to zones in which the original rock-forming minerals are only partly altered. In the
last fow feet above fresh bedrock, the minerals are only slightly hydrated, but this is
enough to produce differential expansion between mineral grains, which in turn creates a
porosity of 2 to 10 percent.  Well yields suggest that permeability values in the lower
part of the weathered rock are roughly an order of magnitude greater than in the unaltered

rock.

The average permeability of metamorphic and plutonic igneous rocks decreases rapidly
with depth. This decrease is a combined effect of overburden and the tendency of surface
disturbances to penetrate only a short distance into bedrock. Joints, faults and other
fractures will tend to close at depth because of the weight of overlying material. Some
openings, which are of interest to hydrogeologists can, therefore, exist at all depths.
Water flow into some mines and tunnels, which are hundreds, and in some cases
thousands of feet below land surface indicates that openings at great depths are large

enough to supply water to wells.
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Surface disturbances that produce rock permeability include landslides, rock falls,
chemical weathering, root and frost wedging and various activities of man. Landslides
and rock falls affect only the uppermost part of the bedrock and produce local deposits of
rock debris, which can be important zones of rapid groundwater recharge and if saturated,

good aquifers

B. Groundwater in Sedimentary Rocks

Shale, claystone, siltstone and other fine-grained detrital rocks account for roughly 50 %
of all sedimentary rocks. Next in abundance are sandstones, then carbonate rocks and
finally several minor types including conglomerate, gypsum, chert, tillite, salt and

diatomite. The minor types constitute less than 2 percent of all exposed sedimentary rock.

Most fine-grained detrital rocks have relatively high porosities but very low permeability
values. Siliceous shale, some claystones and most argillites will develop closely spaced
joints if the rocks are near the surface. Also, if these rocks are involved in faulting,
fractures that stay open at considerable depths may develop. Most commonly, however,

the fine-grained rocks will be barriers to the movement of water.

The pore space in many fine-grained sedimentary rocks provides storage for vast
quantities of water. Water stored in shales and similar rocks should always be considered
in making groundwater inventories, particularly if diffcrential hydraulic heads are great
enough to induce drainage. Owing to the capillary effects, however, gravity drainage will

be most important in the coarser sediments or in fractured zones.

Porosity of fine-grained sediments decreases with depth of burial and to some extent with
age, although the relation is neither simple nor universal. Newly deposited fine muds
will have porosities of between 50% and 90%. Compaction will force the pore water out
of the fine malerial into adjacent permeable beds of sand so that porosities at depths of
several hundred feet will be generally less than 50%. At depths of several thousand feet

the porosity will be less than 30% and most commonly less than 25%. Extruded pore
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water will not contribute a significant volume of water to aquifers under natural

conditions because of the slow rates of compaction of the fine-grained sediments.

Sandstone

Porosity of sandstone ranges from less than 5% to a maximum of about 30%. The
amount of pore space in an individual sample is a function of sorting, grain shape,
packing and degree of cementation. Of these variables, cementation is the most

important. Common cementing materials are clay minerals, calcite, dolomite and quartz.

Permeability values of sandstones are one to three orders of magnitude lower than
permeability values of corresponding unconsolidated sediments. For example, medium-
grained sand generally has permeability between 1000 and 30000 millidarcys, but values
for the corresponding medium-grained sandstones generally range from 1 to 500
millidarcys. Some of the reduction in permeability values between sands and
corresponding sandstones is caused by a closer packing of grains in the rock, but most
must be owing to the restriction of pore space by the presence of cement. There is some
correlation between porosity and permeability in sandstones of similar texture and
lithology. The large number of variables influencing permeability, nevertheless, makes

impossible the prediction of permeability on the basis of porosity alone.

Carbonate rocks

Limestone and dolomite, the two common carbonate rocks, originate from a large number
of different sedimentary deposits such as inorganically precipitated limey muds, shell
fragments, talus deposits, calcite sand, reef masses and accumulations of the remains of
small planktonic organisms. The original porosity and permeability of many of these

sediments are modified rather rapidly after burial.

Original porosity is relatively high in most young limestone. Permcability is generally
low except in rocks such as breccias and coquina in which the large pores are not filled
initially with cement. Permeability may range from less than one millidarcy for clay-rich

dense limestone to several thousand darcys for partly cemented coarse breccia.
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Intermediate values of 10 to SO0 millidarcys are more common, however, for limestone
having some original porosity. Dense crystalline limestone will generally have a

permeability of less than one millidarcy.

Fractures and secondary solution openings along bedding planes and zones of primary
porosity probably transmit the most water. The important conclusion concerning the
permeability values of some younger carbonate rocks is that a search must be made for
zones of secondary porosity produced through fracturing and solution. Zones of primary
porosity, although permeable enough to be of interest to the petroleum industry, are not
good aquifers. Primary porosity of the rock as a whole is significant in as much as it
provides storage space for groundwater, which is released slowly to the more permeable
zones. Sedimentary rocks all have a certain amount of stratification that produces some

anisotropy in the vertical direction as compared with the horizontal direction.

2.2 Methods of Fracture Model Construction

Groundwater flow in actual rock mass is partly depend on the rock type, weathered zone,
fractures existence and type. In the groundwater flow calculation, specific nature of area
should be modelled. In the fractured rock mass, fracture model must be created for
calculating groundwater flow. For generating fracture model, major fractures selection
must be performed. There are some methods for construction of fracture model. Surface
inspection, borehole data analysis, lineament taken by remote sensing system should be
used to construct fracture model. Figure 2.2.1 shows some methods of fracture modcl

construction.
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Fracture Data

Surface inspection Borehole
- Fracture geometry can be - Small scale fractures can be
well observed well evaluated
- Studied area is restricted due to - Selection of major fractures is
the surfacT cover needed |
- Classification of representative - Selection of major fractures by the
fracture patterns comparison with the representative
- Relation between major and minor fracture patterns
fractures - Hydraulic conductivity of major
fractures can be roughly estimated by
well tests
Big Fault
Mai Construction of
ajor
fracture network
Fracture

/\ syslem

Figure 2.2.1 Methods of Fracture Model Construction

In the selection of major fractures, surface inspection should be done. By doing this field
survey, actual major fractures can be observed and the geometry of selected major
fractures can be figured out. The major fractures should have step structure. Small
fractures in step fractures and direction of major fracturcs can be observed. We can
estimate the direction of major fractures. In this field measurement, we can get clear
relation between major and secondary fractures. Furthermore, the field survey results are
compared with stereographic projections interpretation results of {ractures orientation
data read by Borehole Television (BTV). This is to check whether major fractures

observed in boreholes are same with major fractures in the field.
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Nevertheless, all surface of Tono Area are covered with soil so that it is difficult to find
fractures patterns by doing field survey. Although results of surface inspections should
be used, it is difficult to be executed in Tono Area due to dense forest and thick soil
covers. It was considered how to construct fractures model by using limited number of
data. Therefore, in this study, boreholes data were mainly used for constructing fracture
model. The major fractures selection was performed by evaluation and interpretation the
stereographic projections of fractures orientation data read by Borehole Television
(BTV). The selected major fractures were also checked by comparing with the lincament

data taken by remote sensing sytem.

2.3 Problems Should be Solved

In the procedure of fracture modeling and groundwater calculation, boreholes data are
mainly used as the basic information. Problems should be overcome in this study are

summarized as follows:

a. Treatment of borehole data

« Interpretation of the fractures patterns and major fractures directions based on
the stereographic projections of fractures orientation data read by Borchole
Television (BTV) figures.

e Determination of the fractures patterns and major fractures directions after

observing and comparing with fractures in bore cores.

b. Fracture Modeling

+ Making a fractures model after selecting fractures patterns and defining major
fractures directions, combining with sedimentary rock and completed by
actual data such as hydraulic conduclivity.

+ Determination of boundary conditions

27



¢. Calculation of Groundwater Flow

» After completing fracture model and combining with sedimentary rock,
groundwater flow is calculated in this composite model (fractured and

sedimentary rock mass).

d. Validation of Model

* Calculations results of the model are compared with the measurements results
obtained by Japan Nuclear Cycle Development Institute (JNC), to validate the

fractures model.

2.4 Scope of the Study
This study has focused on fracture modeling and groundwater flow analysis based on
boreholes data taken in the actual field. There are two major procedures in borehole
{realment:
1. Stereographic projections

» to find clear patterns of fractures
2. Bore cores inspection

» to check and compare the fractures patterns interpretéd from stereographic

projections with the fractures in bore cores

Three types of boreholes division were used for making stereographic projections which
are of every 5 meter, every 5 meter with sliding 1 meter and every 1 meter, to make clear
the gradual change of fracture pattern around every major fracture, to check the relation
between fracture pattern and hydraulic conductivity and the scale (width) of major
fracture. The whole frame of this study is roughly presented in Figure 2.4.1. Detailed

explanation of this figure is given in the following chapters.
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DATA
Analysis fractures orientation data of four 1000 m boreholes located at MIU site
(AN1, MIU1, MIU2 and MIU3) read by Borehole Television (BTV)

T

v

DATA INTERPRETATIONS

Using :
* Stereographic — every Sm range
= Stercographic — every 5m range sliding 1 m
* Stereographic — every 1 m range
Results:
* Fractures Patterns
*  Major Fractures Selection
* Connection of Fractures among Observed Boreholes
|

y
BORE CORES OBSERVATION

= Check the data interpretations results
* Determination of Fractures Patterns and Major
Fractures Directions

.
>

MODELING of FRACTURES SYSTEM in TREATED AREA

=  Combined with sedimentary rock
* Giving boundary condition and channel property setting

l

CALCULATION

)

Check with measured data obtajned by JNC in MIU2 borehole

Not good

Good Agreement

agreement
PERFECT

Figure 2.4.1 Scope of the Study
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CHAPTER 3

BASIC IDEA OF FRACTURE MODELING AND GROUNDWATER FLOW
ANALYSIS BY USING DON-CHAN MODEL

3.1 Stereographic Projection

Fracture direction can be projected at the lower or upper hemisphere. The basic idea of
stereographic projection is shown in Figure 3.1.1 and 3.1.2. As well known, fracture in
3-Dimensional space can be projected on 2-Dimensional projection surface. The method
is sub-divided into two techniques, Wulff Diagram (Figure 3.1.3) and Equal-Area
Projection or Schmidt Diagram (Figure 3.1.4).

fracture

normal vector
projection
surface

projection
sphere

pole direction at
the lower hemisphere
(lower pole}

Figure 3.1.1 Stereograph projection showing lower hemisphere projection point
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Wulff
Projection

Schmidt
Projection

Figure 3.1.2 Stereographic projection by using Wulff Diagram and Schmidt Diagram

a. Stereographic Projection and Wulff Diagram

projection

plane

=
/

Figure 3.1.3 Stereographic Projection and Wulff Diagram




The equal-angle stereographic or simply stereographic projection, is illustrated above.
The projection plane is the horizontal xOy plane to which the center O of the sphere
belongs. The projection P” of the fracture pole P is the intersection of the line joining the
upper point A of the vertical diameter to the fracture pole P with the xOy plane. In the

2D polar coordinates of plane xOy, the coordinates of P’ are:

Polar distance: r = tan (8/2) 3.1.1)

An advantage of the stereographic projection is that it presents no distortion; a small
circular area drawn anywhere on the reference sphere is represented by a very ncarly
circular area in the stereographic projection. However, an area of a given size on the
reference sphere is represented in the stereographic projection by an area the size of
which increases conspicuously with the distance from the center of the projection circle.

Plotting the poles according to a stereographic projection produces a Wulff diagram.

b. Equal-Area Projection and Schmidt Diagram

P

2 4

P!’ r C

projection

plane

Figure 3.1.4 Equal-Area Projection and Schmidt Diagram
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The Lambert equal-area or simply equal-area projection is illustrated above. The
projection plane is the plane tangent to the lower point C of the vertical diameter of the
reference sphere. The vector joining C to the fracture lower pole P is rotated in its
vertical plane in such a way as to become a vector CP” in the projection plane. In the 2D

polar coordinates of the projection plane centered on C, the coordinates of P” are:

Polar distance: r =2sin(B/2) 3.1.2)

Two equal areas in the projection represent two equal arcas in the reference hemisphere.
This feature is advantageous in the statistical study of the fracture densily. A counterpart
of this projection lies in the distortion, which is greatest at the circumference of the
projection circle. Plotting the fracture poles according to this projection is called a
Schmidt diagram. For a Jower-hemisphere projection, the left-hand poles represent
eastward dipping fractures, whereas right hand poles represent westward dipping
fractures. In case of an upper-hemisphere projection, the diagram would be transformed
according to symmetry around the center of the projection circle, and hence, the opposite
applies.

Steps in making stereographic projection
Based on the above explanation, we can use either Schmidt or Wullf diagram. In this

calculation, Schmidt diagram is used.

r=CP” = CP = 2 sin (6/2) (3.1.3)

In order to create stereograph projection, it is necessary to convert strike and dip angle of

a fracture into X and Y coordinate values.

Coordinate X =rcos a = 2 sin (8/2) cos @

Coordinate Y = rsina = 2 sin (0/2)
sin

where: r= CP” = CP = 2R sin (6/2) (3.1.4)

0 = dip angle




Sm

3.2 Major Fractures Selection Based On Borehole Data

The procedure of major fractures selection based on borehole data is shown by the

following figure:

Selection of major fractures

Stereographic projection

(2) (b)

|
B

-‘lllllI-lIl--l-III-I-IIIIII-I

L.

()

Selection of major fractures

Im—> N=< 3

(neglected)

—

l Im=>N>3
(considered)

Number of fracture

in1mlengthN>3

Figure 3.2.1 Procedure of major fractures selection

34

Assumption

These fractures
have splay
fractures.

Structure
formed by

-splay fractures

can be defined

/
7/
\

\\




Stereographic projections in every 5 meter borehole depth were made to have rough
interpretation about the fractures patterns. The [ength 5 meter of stereographic projection
was decided with considering length of insitu test. Length 5 meter has been being used
for common test such as hydraulic conductivity measurement. By making stereographic

projection in every 5 meter length, it is possible to compare with hydraulic test data.

Stereographic projections in every 5 meter borehole depth with sliding 1 meter were
drawn for making clear the gradual change of fracture pattern around every major

fracture and for getting relation between fracture pattern and hydraulic conductivity.

Stereographic projections in every 1 meter borehole depth were made to check the scale

(width) of major fractures.

3.3. Technique for Fractures Patterns Selection

Figure 3.3.1 and Figure 3.3.2 show the technique for selection of fractures patterns by
using stereographic projection. As explained before in the literature review 2.1, a
fracture is imposed of step structure, single fracture part and diverging splay fracture part
(Figure 3.3.1). In the step structure, many splay fractures were created in the course of
the shear displacement as shown in Figure 3.3.2. Those splay and master fracture in the
step structure are extending in the vertical direction of the displacement so that the pole
directions of those fracture should be arranging in a great circle in the stereographic
projection. From this fact, the step structure can be defined by stereographic projection.
On the other hand, for simple fracture part and terminal part, pole directions are plotted

on a part of this great circle (see Figure 3.3.1).
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Figure 3.3.2 Stereographic projection of fractures created in step structures
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3.4 Fracture Zone Width

From a fracture pattern, major fracture was selected. The major fracture zone width was

calculated as follow:

Fracture Zone Width (FZW of one fracture)
- FZW fracture 1, FZW fracture 2, FZW fracture 3......FZW fracture n.

Pattern X

Vertical Distance \/ Fracture Zone Width ]
(VD) \ (FZW of one fracture)

Fracture Zone Width
Fracture 1

(FZW of one fracture)
Fracture 2 Fracture Zone Width
(FZW of one fracture) __|
Fracture 3

Pattern X
a. Average zone vertical distance in each borehole = Avg VD =

VDIi+VD2+VD3+...... + VDn
n

b. Average zone vertical distance in pattern X = Avg VD PatternX

Avea VD AN + Ave VDMIU 1 + Avga VD MIU 2 + Ave VD MIU 3
4

¢. Fracture zone width of each fracture in pattern X = FZW of one fracture
Avg. VD PatternX * sin (90 - dip angle)
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Fracture Zone Wi&th of a Representative Fracture (FZW of one Repr. Fr)

FZW of Representative Fracture

/ /_____» Arepresentative fracture
fr. 1 /
fr.2

fr. 3

Pattern X

a.Average numbers of fractures create 1 representative fracture in pattern X =
Avg FRC create one Repr. Fr =

T FRC create ] Repr. frin AN1+ ¥ ...inMIU1+2% ...inMIU2+ % ...in MIU 3
total numbers of data

b.Fracture zone width of a representative fracture in pattern X =
FZW of one Repr. Fr =

Avg FRC create one Repr. Fr * FZW of one fracture




3.5 Connection of Eractures

Considering continuity of fractures, uncertainty problems of fractures connections rise,
such as:

1. Step fractures are not widely distributed (partial development of step fracture along
major fracture)

ﬂjﬂ/ ﬂzzﬂ
b -

i

After six fractures patterns were decided, connections between the same fractures
patterns were checked. The connection of each fracture pattern among observed
boreholes was analysed.

2. Spatial change of direction of major fracture
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Therefore, in this study,. fracture modeling was executed by applying statistical method,
calculating average distance (spacing) between fractures of each pattern.
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Calculation of average distance between fractures is shown as follow:

Fracture Generate Interval (Average Distance between Fractures) = FGI

Pattern X

Fracture 1 /
e
Fracture 2 / /

Fracture 3

a. Low angle fracture

/ Fracture generate interval

b. High angle fracture
* Since high angle fracture will create many fractures in the model, it is necessary
to make 1 representative fracture for some adjacent high angle fractures.

A representative fracture

Fracture generate interval

/_____, A representative fracture

fr.
fr. 2

AN

AN

ir. 3
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a. A representative fracture depth (symbol =8 ) = Repr. FD =

depth of fracture 1 + depth of fracture 2 + ...... + depth of fracture n
n

b. Fracture generate interval (average distance between fractures) = FGI =
Pattern X

2 FGI AN1 +¥ FGI MIU1 +X FGI MIU2 +Z FG]I MIU3
Total number of data

3.6 Basic Concept of Don Chan Model

The proper analysis of groundwater flow in a fractured rock mass is very important in
many geotechnical fields such as dam construction, tunnel excavation, water resource
development within the rock mass, and deep underground waste disposal. For analysing
groundwater flow, the proper hydrogeological modeling of a fractured rock mass is

indispensable.

It has been pointed out in many previous studies that a large amount of groundwater
flows through several selected seepage paths called channels that have developed in &
fractured rock mass (Bear et al., 1993). Tanaka et al. (1994) and Watanabe et al. (1994)
studied the hydrogeological features in fractured granite found in the Kamaishi Mine,
Japan, and concluded that the intersections between conjugate fractures tend to be the

highly permeable channels.

It is important to properly evaluate the channel network in an actual rock mass and to
construct a reliable hydrogeological model of the rock mass before any ground water
analysis is performed. The estimation of the locations and the hydraulic conductivities of
those channels in an actual rock mass, however, are very difficult, so that the general

technique of how to construct a hydrogeological model has not yet been established.

The channel might have been created during a long history of geotectonic movement that

includes the creation, the propagation, and the reactivation of fractures, and may be
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closely related to the geological features of the fractures system. Basic study of the
relation between the geological structure and the channel is important in creating the

proper techique for hydrogeological modelling.

Bossart and Mazurek (1991) studicd, in detail, the geometry and hydraulic features of
fractures that developed in the Grimsel Test Site constructed in the Alpine region of
Switzerland. It was found that the fractures created or reactivated during the brittle
deformation stage were the major conduits of groundwater flow. Munier (1993)
examined the fracture system that developed in the vicinity of the Aspo Hard Rock
Laboratory in Sweden, and concluded that groundwater mainly flows through selected
fractures that have been generated or reactivated within geologically recent time. These
studies have clearly shown that the geological history of a fractured rock mass must be

taken into consideration when a hydrogeological model is constructed.

It was observed that fractures created or reactivated in recent age (around 10.000 or
100.000 years before) were filled with water. These young-aged fractures can be as
water conducting fractures (WCF). While, older fractures were completely filled with
mineral such as clay, CaCO3. It is almost impossible for water to flow through such

fractures.

Mazurek et al. (1995) reported on the hydrogeological features of the rock mass around
the Aspo Hard Rock Laboratory. It was concluded that the fractures running paraliel to
the maximum stress axis formed the hydraulically active fractures and can act as channels
for groundwater flow. The importance of the splay fractures on the behaviour of
groundwater flow was also pointed out, with reference to the concept discussed in Martel
and Pollard (1989). These studies have clearly pointed out that the hydraulic nature of a

rock mass is closely related to the geological features and the earth pressure conditions.
Many small fractures are concentrated at the step structure, at the end points of single

fractures, and the intersections between fractures. From the fact that highly weathered

regions are mostly focated at these features, it is thought that these features produce the
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highly permeable zones. The concentration and deformation of these small fractures may
create open space within these features. The open spaces allow for large hydraulic
conductivity., This is possible reason that the highly weathered regions are located at the

features.

Based on the previous study about fractured granite in Hinachi Area, Japan, it was
concluded that the average hydraulic conductivity of highly weathered areas, estimated
from porosity, is 10° to 10° times larger than fresh granite. The highly weathered areas,
located at the geological features (such as the step structure, the end points of single
fractures, and the intersections between fractures) and thought to be an indication of
highly permeable regions, act as channels for groundwater flow. The channel network in
an actual rock mass, presenting flow in a fracture, must be properly modelled for the
analysis of groundwater flow. For analysing groundwater flow based on channel network,

we use Donen-Saitama Channeling Model (Don-Chan Model).

3.6.1 Model of Region

In the Don-Chan Model, region shape model must be created. This region shape model is
a region of rock mass where fractures are created. To make the region shape model, input
data must be given, such as: total domain number, total boundary plane number, total
number of geological domain, domain type, regular mesh interval, boundary type, total

number of plane component point, coordinate of plane component point.

Domain A

Domain B

4
+ -

Figure 3.6.1 Model of a region. Case of the combination of two different domains.
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3.6.2 Model of Fracture
Figures below schematically illustrate the concept of modeling process. Combination of
two different fracture system is roughly presented.

* The figures represent rock masses having fractures.

* Fractures are approximated by network of fractures planes. To generate a fracture,
input data are needed, such as: fracture type, water barrier fracture width,
permeability, process/history of fracture, strike and dip angle, distance between
channel

» A rock mass having four fractures

Figure 3.6.2 a. Model of fractures

% A rock mass having three fractures and same direction (parallel fractures)
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Figure 3.6.2 b. Model of fractures
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Network of fractures planes are combined to each other

Figure 3.6.2 ¢. Model of fractures. Combination of four fractures (3.6.2 a) and three
parallel fractures (3.6.2 b)

-

Groundwater can flow through the fractures. To account for the flow through
these fractufes, a regular network of small channels is assumed to be located on
every fracture, as shown by yellow colour lines, and create two dimensional
channel networks (Figure 3.6.3).

It is assumed that the orientation of an individual channel on each fracture is
either horizontal or vertical.

When the hydraulic conductivity of each fracture is anisotropic, the channel
directions are selected by the principal directions of the permeability tensor of the
fracture.

Intersection lines among fractures (red colour lines in Figure 3.6.3) are also
thought as channels.

When combining all channels illustrated in yellow and red colour lines, the final

channel network can be constructed.
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Figure 3.6.3 Model of a channel network.. Combination of regular network (yellow

colour) on every fracture and intersection line (red colour).

3.6.3 Process of Channel Network Modeling
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Figure 3.6.4 Schematic illustration of an example of a channel network constructed on
fractures A and B shown in (a). Illustration of the network of channels (b). Illustration of
the connecting channels and water flow around PO point (c). The flow conditions in the
channels where HO, H1, H2, H3 and H4 are the piezometric heads on points PO, P1, P2,
P3 and P4 respectively (d). The letters Q1, Q2, Q3 and Q4 indicate the discharge of

groundwater flow. Solid circles are the crossing points between channels.

* Figure (b) illustrates an example of the channel network constructed around an
intersection line between two fractures A and B in Figure (a).

* This network is composed of one intersection line and the channels assumed on
each fracture. Solid circle indicate the crossing points between these channels.

* Figure (c) represents the connection between a crossing point Po, shown in Figure
(b), and surrounding points P1, P2, P3 and P4. These points are connected by
channels. The broken lines indicate channels on fracture B.

* Figure (d) illustrates the flow conditions in these channels. HO, H1, H2, H3 and
H4 are the piezometric heads on points PO, P1, P2, P3 and P4, respectively.
Notation of Q1, Q2, Q3 and Q4 represent the discharge of groundwater flowing
into point PO from P1, P2, P3 and P4, respectively.

* Under steady-state conditions, the sum of 01,02,03 and Q4 must be zero. That

is:

Q1+Q2+Q3+Q4=0 3.6.1)

* The discharge for a given point Qi (i= 1 to 4) can be written as :

Qi=Tix (Hi-H0)/Li (3.6.2)

where, Li is the distance between PO and Pi (i = 1 to 4) and Ti is the

transmissivity of the channel connecting PO and Pi.
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Transmissivity Estimation :

Channel
(©) @ e -
A
A;r - ’§I ATXi
1k :»\ ! y

Figure 3.6.5 Schematic illustration for the estimation of
transmissivity T. Typical channel along an intersection line, step
structure or an end point of a fracture (). Here, ki is the hydraulic
conductivity of the channel and A the area of the channel. Assumed
channels on a fracture, oriented in the x and z directions , having the
respective transmissivities Txi and Tzi. The x and z spacings of the
channels are given by Ax and A z, respectively (f). w is the width
of the fracture and k is the hydraulic conductivity.

The estimation of the transmissivity Ti of every channel is also important. Figures
above schematically illustrate a method to estimate the transmissivity.

For a channel presenting an intersection line or a step structure, Ti can be simply
estimated by the following equation as shown in Figure (¢) :

Ti=Axki (3.6.3)

where, ki is the hydraulic conductivity of the channel and A is the cross-

sectional area of the channel.

For the assumed channel on a fracture, the transmissivity Ti can estimated as :

Txi=wxdzxk

Tzi=wxbxxk 3.6.4)

where,& x andAz are the spacings of the channels in the x and z directions as
shown in Figure (f), w is the fracture width and k the hydraulic conductivity of the
fracture.

Transmissivities Txi and Tzi are for the channels that are assumed in the x and z

directions, respectively.
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+ Similar equations can be constructed for every crossing point in the similar
manner.
* By solving all equations under given boundary conditions and set channel

property, the piezometric head distribution can be calculated.

Figure 3.6.6 Example of piezometric head distribution

3.6.4 Extension of the Old Version Don-Chan Model

In the old version of Don-Chan Model, the calculation of groundwater is only applicable
for fractured rock mass. In order to enhance capability of Don Chan Model to be
applicable in many countries, which have different type of rock, the Don-Chan Model
was modified. The new version of Don-Chan Model is also applicable for sedimentary
rock condition. In this new Don Chan Program, regular fracture network is assumed for
presenting groundwater flow in sedimentary rock and the intersections between these
assumed fractures are thought to be the highly permeable channels for groundwater flow.
By using the new version of Don-Chan Model, groundwater flow can be calculated, not
only at the fractured rock mass, but also at the sedimentary rock condition or at the

combined fractured and sedimentary rock condition (composite media).

The main difference for the new version of Don-Chan Model is that the transmissivity
calculation for sedimentary rock is added. In this case, channel area and permeability of
sedimentary rock are different with the ones in fractured rock. In sedimentary rock, all
area can flow water, while in fractured rock only the fractured part can flow water. Input
data for sedimentary rock such as regular mesh interval, sedimentary rock permeability,

domain type (sedimentary or fractured rock) is also needed.
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Old Version of Don-Chan Model
* applicable for fractured rock mass

Figure 3.6.8 Model of two domain- fractures

New Version of Don-Chan Model
» applicable for fractured rock mass, sedimentary rock or combination of them




Figure 3.6.10 Composite model of three domain- sedimentary and fractured rock mass

3.7 Groundwater Flow Calculation by Using Don Chan Model
A. Prepared Data

Input data :
1. Model Data
- Total Domain Number

Total Boundary Plane Number
- Domain Type (Fractured or Sedimentary Rock Mass)
Regular Mesh Interval
Boundary Plane Coordinate
2. Fracture Data

- Total Number of Fractures Data

- Fracture Type

- Sirike, Dip

- Fracture Generate Interval

- Total Number of Fracture Domain

Property Setting :
- Total number of regular mesh domain
- Regular mesh (sedimentary rock) permeability
- Total number of fractures groups and fractures domains
- Fractures permeability
- Fractures zone width

Boundary Condition Data
- Total number of plane in which boundary conditions are given
- Plane number where boundary conditions are given
- Boundary condition values




B. Calculation

Flux Balance

H (i, j-1)
01
A

Q2 L Q3
o—= =
H@-1,) AL2 H{i,j) 2L3 H(i+1,j)
o4 tlaLa
O
H G, j+1)

H (l! j) -H (I: .i'1)

Q1 =-k - * A
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H(,j)-H(@-1,j)
Q2=-k * A
AL2
H (i+1,§) - H (i, j)
Q3=-k * A
AL3
HG j+1)-H{, )
Q4=-k * A

AL4
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CHAPTER 4

MODELING OF FRACTURES IN TONO AREA

4.1 Targeted Area

Japan Nuclear Cycle Development Institute (JNC) has drilled four 1000m-deep boreholes
at the Mizunami Underground (MIU) site in Akeyo-cho, Mizunami City, Gifu Prefecture.
In the surface-based investigations, specifically three 1000m-deep boreholes, MIU-1,
MIU-2 and MIU-3, have been drilled. Investigations in these borecholes have
characterised mainly the geological structure and hydrogeological features of the deep
geological environment. The MIU-2 borehole investigations aim mainly at characterising
the Tsukiyoshi fault that intersects the crystalline basement in the site. In Tono Area,
granite is widely distributed as a basement and is overlain unconformably by sedimentary

rocks called the Mizunami Group.

Fractures orientation data of four 1000 m boreholes (AN1, MIU1, MIU2 and MIU3),
located in the MIU site and obtained by Japan Nuclear Cycle Development Institute
(JNC), were used for constructing fracture model. Based on the stereographic
projections of fractures orientation data read by Boerehole Television (BTV) figures,
fractures patterns were analysed and interpreted. The connection of fractures among
observed boreholes were also analysed by using 3-D visualization technique developed in
this study. Selected fractures patierns were checked by comparing with fractures in bore
cores. As the results, six fractures patterns were selected and major fractures directions

were defined.

Although the locations of observed boreholes are concentrated in small MIU area,
fractures model was applied to the wider calculated area including this MIU area.
Calculated area is a real field site, a 4 km x 6 km x 3 km thick fractured granite rock mass
overlain by sedimentary layers surrounding the MIU site. Fracture modeling was
executed by applying statistical method, calculating average distance (spacing) between
fractures of each pattern. Groundwater flows of composite model (fractures model,

combined with sedimentary rock) were calculated.
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The location of MIU site in Tono area, observed boreholes MIU 1, MIU 2, MIU 3 and

AN 1 at the MIU site and calculated area, including the MIU site are shown by the
following figure 4.1.1, figure 4.1.2., and figure 4.1.3.

Seto group

Mlzunarmi group
. Toki granitle rocks
W rohi riyolite
. sedmentary rocks
-~ Fault

Regional
hydrogeological

study aren
{10 kirn squeare)

o

Figure 4.1.1 Location of MIU site and geological settings in Tono Area
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Figure 4.1.2 Location of boreholes in MIU site
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Figure 4.1.3 Calculated area (4 km x 6 km x 3 km)
including MIU site in Tono Area
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4.2 Boreholes

Each borehole location coordinate in Tono Area is as follow:
* MIU1= (X =35488.826 ; Y =-068629.358 ; Z=220,074)
* MIU2= (X=5433.295 ; Y =-68552.402 ; Z =223,755)
» MIU3=(X=5488.826; Y = -68629.358 ; Z=220,074)
* AN1=(X=545472 ; Y =-68877.34 ; Z=1216,38)

Geological cross section of the MIU site, shows locations of AN1, MIU1, MIU2 and
MIU3 boreholes is shown by the following figure.

MIU-4
South AN-1 &3 MIU-1 MIU-2 MIU-3

TR T T T e,

= — _ Sedimentary
Highly N E rocks
fractured k

T domain .

B \Vcathered

_ N . zone in

Sparsely | P RN aranite

fractured N

domain Biotite Tsukiyoshi
- granite fault

Felsic granite

Highly fractured zone along
the Tsukiyoshi fault

Figure 4.1.4 The geological cross section of the MIU site

Two vertical 1000m-deep borcholes, MIU 1 and MIU 2 have been extensively
investigated. These boreholes investigations allow geological, hydrogeological and

geomechanical characterisation of the crystalline basement, thereby advancing the
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understanding of the geological environment at MIU site. An overview of the current

status of knowledge gained from the previous borehole investigations can be presented as

follow:

Geology

Tertiary sedimentary rocks (Mizunami Group) unconformably overlie the eroded
cretaceous crystalline basement (Toki granite) with a basal conglomerate. An
unconformity and weathering surface occur horizontally between the two
boreholes.
The Mizunami Group is stratigraphically divided into the Toki lignite-bearing and
Akeyo Formations in ascending order.
The Toki granite can be divided lithologically into two main facies: biotite granite
and felsic granite (Figure 4.2.1). They are subdivided into three types (coarse,
medium and fined grained) based upon the size of quartz phenocrysts. The felsic
granite is highly fractured with fracture density over 1000 fractures per 100 m.
Major water-conducting features were identified. These features are:

- Strongly weathered, permeable zones in the vicinity of the unconformity

- Open fractures (201 mbg! in the MIU 1 borehole and 223mbgl in the MIU

2 borehole)

- Steeply dipping fractures in the felsic granite
A reverse fault, the Tsukiyoshi fault, intersects the MIU site and is encountered in
the MIU 2 borehole at a depth of 890.0 to 915.2 mbgl. The fault is oriented E-W
with a dip of 70° to 80° S.

Rock Name

Assign rocks (unconsolidated materials) recovered to one of the following units:
the Seto Group, the Mizunami Group, the Toki Granite, the Mesozoic
sedimentary rocks of the Mino Belt and dykes. Sedimentary rocks are divided
into sandstone, mudstone, tuff and conglomerate. Granitic rocks are classified
into 3 groups in terms of an average diameter of quartz phenocrysts; fine-grained

(& = 1mm), medium grained ( Imm s & < 5mm) and coarse-grained (5 mm =

@)



The geological model of the MIU site is shown at the following figure:
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Figure 4.2.1 3D conceptual geological model of the MIU site
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Hydrogeology

* The mean hydraulic conductivity of the Toki granite is in the order of 107 m/s.
The felsic granite close to the Tsukiyoshi fault is designated as a higher
permeability domain (K = 10® m/s). A lower permeability domain ( K = 107 m/s)
is also identified in the interval of 400.7 to 503.0 mbgl in the MIU 1 borehole on
the basis of pumping tests, which correlates with a silica rich facies (S510; 2 75
wt %) in the biotite granite.

*» The mean hydraulic conductivity of the major water-conducting features
identified is in the order of 10" m/s (T~10" m?s).

* The hydraulic conductivity of the Tsukiyoshi Fault is relatively low.

Rock mechanics

 The Toki granite can be divided into three zones in terms of mechanical
properties and in situ stress state, especially in the hanging wall of the Tsukiyoshi
fault ; 0-300mbgl, 300-700mbgl and 700-1000mbg]

* The direction of the maximum principal stress in a horizontal plane also changes

at about 300mbgl from N-8 (0-300mbgl) to NW-SE (300-1000mbgl)

4.3 Fracture Data
Fractures orientation data read by Borehole Television (BTV) include:
- Depth (m)
- Strike (deg)
- Dip (deg)
- Status (hair crack, crack, open crack)
- Aperture (mm)

- Style
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Criteria for acquiring data of borehole television

All discontinuity data for analysis of fractures and directions using pictures was sorted
out as follows:
1. Depth
depth along the borehole axis
a. Measuring depth: the mean value between top and bottom of fracture.
b. Unit: meter. The accuracy shows centimeter unit.

¢. Measuring depth was calibrated by geological references (core observation).

2. Strike and Dip
a. Foliations were measured if they continue more than 70% along circumference

b. Strikes and dips were taken the average of the coordinates more than three points.

3. Foliations were classified 9 groups as follows:
a. Crack
Fissures and joints, especially shapes and continuities were extremely obvious.
b. Open crack
Cracks, especially which were verified the opening conditions.
c. Hair crack
Fissures and joints, especially shapes and continuities were not obvious.
d. Hanging wall of crush zone
Hanging side of shear side or crush zone.
e. Footwall of crush zone
Footwall of shear side or crush zone.
f. Mineral vein
Structures of mineral vein, for example calcite or quartz.
g. Flow structure
Primary structures of granite.
h. Bedding plane
Primary structures of sedimentary rocks.

i. boundary
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Lithofacies boundary or boundary between intrusions and host rocks.

4. Opening Width
a. Opening widths were measured as a maximum width.
b. Scale plate was used as a measurement tool.
¢. Width shows 0.1 mm unit except for DH-2, 3, 4 (DH-2: 1 mm unit, DH-3, 4: 0.5

mm unit).

5. Style/Type of Fracture
Classify fractures according to the following definitions:
% P planar type
% 1 irregular type
% C curved type
% S stepped type
Furthermore shapes are subdivided as derivations:
* n :discontinuity along circumference
* h :accompanying minor fractures
* j :crossing the other cracks
* n/h :discontinuity along circumference and accompanying minor fractures
* n/j :discontinuity along circumference, besides crossing the other cracks
* hfj :bringing accompanying fractures, besides crossing the other cracks
* n/h/j:discontinuity along circumference and accompanying minor fractures
besides crossing the other cracks

(Example: P-n, I-n/h, 8-h, etc.)

The orientation of a fracture is usually expressed by its strike and dip. The strike is the
trace of the intersection of the fracture with a horizontal plane. lts direction can be
specified by its azimuth, counted in degrees clockwise from the North. The dip
(inclination or plunge) is the magnitude of the angle between the fracture and a

horizontal plane expressed in degrees.
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Strike Line

Horizontal

Plane

Strike
Angle

Fracture

Figure 4.3.1. Strike and Dip of a Fracture

Strike Line

- Cross line between fracture plane and horizontal plane
Strike Angle

- Angle created between North direction and fracture direction (strike line}
Dip Angle

- Angle created between fracture plane and horizontal plane { between 0° and 90°)

Fractures data shown in the overview of each borehole investigation include :
Fracture Density
- Number of fractures per unit length. Unit of fracture density stated in fracture/m

shows the number of fractures per unit meter core
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Borehole
- A hole, usually vertical, bored to determine ground conditions, for extraction of

water or measurement of groundwater level.

Casing
- tubular retaining structure, which is installed in a drilled borehole or excavated

well, to maintain the borehole opening. Plain casing prevents the entry of water.

Hydraulic Conductivity
- volume of water at the existing kinematic viscosity that will move in unit time

under a unit hydraulic gradient through a unit area measured perpendicular to the
direction of flow.

Lithology

- physical character and mineralogical composition that gives rise to the appearance

and properties of a rock
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4.4 Borehole Data Interpretation and Fractures Selection

DATA

Analysis fractures orientation data of four 1000 m boreholes located at MIU site
(AN1, MIU1, MIU2 and MIU3) read by Borehole Television (BTV)

l

DATA INTERPRETATION

1. Stereographic — every Sm range
* Make stereographic projections (projcction of a fracture at the lower or upper

hemisphere) of every 5-meter range borehole depth to have rough interpretation
about the fractures patterns. Example of fracture interpretations, based on the 5-

meter range stereographic projections, are shown at the following figures:

261-265m 288-270m #1-275m

261-265 m 266-270 m 271-275 m
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2. Stereographic - every Sm range sliding 1 m
* Stereographic projections in every 5 meter borehole depth with sliding 1 meter
were drawn for making clear the gradual change of fracture pattern around every
major fracture. This step is also to check relation between fracture pattern and
hydraulic conductivity.
* Stereographic projections examples of every Sm range with sliding 1m and the
interpretations are shown by the following figures:

204-288m 2ZRA=270m

85-209m

| i
| 81-21m 268-272m \ ‘ 62-27Im
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3. Stereographic - every 1 m range

* Making stereographic projections of fractures in every 1-meter range borehole
depth to check fractures patterns in detail (scale/width of major fracture). In this
step, the numbers of fractures fewer than or equal to 3 fractures are not considered
because the fracture pattern is difficult to be defined.

» Stereographic projections examples of fractures in every 1-meter range borehole
depth within 265-270 meter and fractures patterns interpretations are shown by

the following figures:

267m 5 : 268m

268m
270m
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It is not simple to_select fracture pattern. Complicated pattern sometimes found in
stereographic projection. As the examples, composite models/patterns were found in the

depth 266 m-270 m of AN 1 borehole and in the depth of 882 m of MIU 2 borehole.

S ——y

26§=-270m

266 m - 270 m (AN 1) 882 m (MIU 2)

It may be due to siress condition change or intersection of fractures. Figures 4.4.1 and
4.4.2 show both possibilities. Figures 4.4.1 show composite model in AN 1 (266m-270
m). In the case of stress condition change, first fracture pattern was created by the first
stress condition and was followed by the creation of second fracture pattern due to stress
condition change. By using stereographic projection, it could not be observed which
fracture pattern created first. Then, similar clearer fracture pattern could be observed in
other parts of stereographic projections, at depth 157 m -162 m in MIU 1 (Pattern 1) and
at depth 455 m — 460 m in AN 1 (Pattern 3). Both fractures patterns were selected .

As a second example, a composite model observed in MIU 2 (882 m) is shown by Figure
4.4.2, with the same possibilities as the first example. Then, similar clearer fracture
pattern could be observed in another part of stercographic projection, at depth 541 m in
AN 1 (Pattern 2). This fracture pattern was selected. Another fracture pattern created in
this composite model was not selected because it showed unclear fracture pattern.

Similar unclear fracture pattern was also observed at depth 957 m in MIU 2

There was also a possibility that the composite models were created due to intersection of

fractures.
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1. Stress condition change 2. Intersection of fractures

Composite Model Composite Model
AN 1,266-270 m AN 1, 266-270 m

lm

Clearer pattern
MIU 1, 157-162 m Selected

455-480

) -

Clearer pattern
AN 1, 455-460 m Selected Figure 4.4.1 Composite Model

at 266-270m in AN 1
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1. Stress condition change

2. Intersection of fractures

Composite Model
MIU 2,882 m

:
[ o o

Clearer pattern
AN1,541 m

i

Similar unclear
pattern, MIU 2, 957 m

Selected

Composite Model
MIU 2, 882 m

Not

Selected Figure 4.4.2 Composite Model

at 882 m in MIU 2
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Based on the stercographic projections interpretations, some fractures patterns were
observed. Examples of some selected fractures patterns observed at certain depths are as
follows:

ANI1 | MIU 1} MIU2 MIU33
30 4 "
40 1 -
16 46
165
122 | 3
11
131 |
9

330

=
=
@

—
<

—
s

491 |- 6
494

460 1 4ho

465
492 :
N
3

549
ssd 3 575 il 4
59 580

647 4 i
650 649
740 E—o
751 1
765 T8¢ 4
767 i
790
924 |6
927 |
926 3
. 930 2

017 oab © ol s
] q
gat B
S 919

Figure 4.4.3 Selected Major Fractures
(Assumption: fracture directions are plotted at great circle}
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Six Fractures Patterns

» Referring to the fractures patterns interpretations results using stereographic
projections, the results show that there are mostly six different types of fractures
patterns observed.

Major Fracture Selection
* Each pattern type shows concentrated points/patterns, which were assumed as
major fractures. The directions of major fractures can be estimated.

Connection of Fractures among Observed Boreholes

* By using estimated major fractures directions, figures of each pattern in four
borcholes were made by using 3-D visualization technique and each pattern of
four boreholes was connected to each other.

Bore cores Observation

 Interpretation results based on stereographic projections were compared with the
fractures in bore cores

+ The estimated major fractures were checked whether the fractures had major
fracture features such as shear movement or there were many small fractures

terminated by major fracture.

* Major fractures directions were defined

Selected Major Fractures
* Six fractures patterns and major fractures directions are as follows:

SRRy

PATTERN1: N70 W 380N

PATTERN 2: N45 W 20N

PATTERN3: N40 W60 N

PATTERN 4:N40 E758S

PATTERNS:NS6OE
6. PATTERN 6: EW 40 N

* The selected major fractures were checked by comparing with lineament data of
Tono Area taken by remote sensing system. The sclected major fractures are in
accordance with the lineament data.

A
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4.5 Three-Dimensional Treatment of Major Fractures
The following figures show the fractures original data read by Borehole Television
(BTV) and the selected major fractures in AN1 borehole.

selected major
fractures in AN 1

“\\ /E g ;} fractures

original data
in AN1

‘\.f..' \y’?f‘; ‘___4_&

Figure 4.5.1 Fractures original data read by BTV and the selected major fractures in

AN1 borehole
Based on interpretations results of stereograph projections, figures of each selected
fractures patterns in four boreholes were made by using 3-D visualization technique. The
selected major fractures in MIU 1, MIU 2, MIU 3 and AN 1 boreholes are shown by the

following figures:

MIU 3

MIU 2

Figure 4.5.2 Selected major fractures in observed boreholes (6 patterns)
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By using 3-D visualization technique, each pattern of four boreholes was connected to
each other. The connections of fractures among observed boreholes were analysed and

compared with the fractures in bore cores.

1. PATTERN1

MIU 3 MIU2 g

MIU3 MIU?Z

Figure 4.5.3. a. Selected major fractures in observed

boreholes (pattern 1)
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- 2. PATTERN 2

MIU 1
MIU 2
AN1 }
Ty
- MIU 3
~— """r!::\
R
s |
i I~
i_ ™~
L e

Figure 4.5.3 b. Selected major fractures in observed

boreholes (pattern 2)

3. PATTERN 3

MIU 1
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AN1

MIU 3

Figure 4.5.3. c. Selected major fractures in observed

boreholes (pattern 3)

4. PATTERN 4
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AN

MIU 1

Figure 4.5.3.d. Selected major fractures in observed

boreholes (pattern 4)

S. PATTERNS

MIU 1

AN 1

MiU 2

Figure 4.5.3. e. Selected major fractures in observed

boreholes (pattern 5)
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6. PATTERN 6

MIU 1

AN1

MIL} 2

AN1

MIU 3

Figure 4.5.3.f. Selected major fractures in observed
boreholes (pattern 6)
Considering continuity of fractures, uncertainty problems of fractures connections rise.
Some fractures in a borehole are not in good positions to have connection with other

fractures in other boreholes. Therefore, in this study, fracture modeling was executed by
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applying statistical method, calculating average distance (spacing) between fractures of

gach pattern.

4.6 Bore cores Observations

By comparing with fractures in bore cores, stereographic interpretations of six patterns,
connection of each pattern among 4 boreholes and assumed major fractures, were
checked. The major fractures features such as shear movement, hydrothermal altered
fractures (green colour) or many small fractures having the same pattern terminated by
major fractures were also checked. Some of the fractures patterns, major fractures

features, Tsukiyoshi Fault observed at bore cores are shown by the following figures:
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Tsukiyoshi Mitiu
Fault Eougt, G

FEcT O

A Y TR A
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iyoshi Fault, NSOW70S, located at the depth of 890-915 m of MIU2

Figure 4.6.1 Tsuk

Shear movement

4 kT

E $

Figﬁre 4.6.2 Shear movement at the Tsukiyoshi Fault
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. Small fractures

Figure 4.6.3 Small fractures terminated by major fracture in MIUZ2 borehole

R .
. "“_ RCE R R B

Major fracture

Figure 4.6.4 Small fractures terminated by major fracture in MIU?2 borehole
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Hydrothermal alteration
{green colour)

Figure 4.6.5 Hydr

othermal altered feature (green colour

Major fracture
Pattern 5 (MIU 2)

Hydrothermal alteration

(green colour)
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———

!
~
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Figure 4.6.6 Hydrothermal altered feature (green colour) at depth 132-133 m (MIUZ)
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Shear movement in MIU2
borehole

Figure 4.6.7 Shear movement feature
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High angle
major fracture

Small
fractures

i Lower angle
Small B major fracture
fractures

Figure 4.6.9 Lower angle major fracture (pattern ) at de 123-127 m in AN1
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High angle

major fracture

P e Sy

Major fracture

-h‘: [ c Tt Fam

Figure 4.6.11 Lower angle major fracture (patrteli'nr 57)“é.t‘depth 221-227 m MIU2
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Figure 4.6.12 Connection between major fracture (pattern 1) at depth 460-465 m
in MIU1 and at depth 740-745 m in MIU 2

Small ™
fractures ﬂ

Figure 4.6.13 Connection between major fracture (pattern 1) at depth 460-465 m
in MIU1 and at depth 740-745 m in MIU 2
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CHAPTER 5§

GROUNDWATER FLOW IN A COMPOSITE MEDIA

5.1 Example of Don-Chan Model

In the Donnen-Saitama Channeling (Don-Chan) Program, regular fracture network is
assumed for presenting groundwater flow in sedimentary rock and the intersections
between these assumed fractures are thought to be the highly permeable channels for
groundwater flow. At the fractured rock mass, fractures intersection lines are thought to
be indications of highly permeable regions and act as conduits (channels) for
groundwater flow. A Don-Chan Model is shown by the following example.

5.1.1 Prepared Data

Input Data of Region

* Total number of boundary planes = 11

* Total number of geological domain =1

*  Geological domain code = 20

* Total number of domain = 2

* Domain 1
- type = sedimentary rock (code = 10)
- total number of boundary planes = 6
- regular mesh interval = 100 m
- planes numbers = 1,2, 3,4, 5,6

* Domain 2
- type = fractured rock (code = 11)
- total number of boundary planes = 6
- planes numbers = 6, 7, 8, 9, 10, 11
- boundary planes types:

% 1 = top side plane

12 = side planes

% 20 = geological domain planes

* 13 = bottom side plane

* Total number of plane component points = 4 (rectangular)

* Plane component points coordinates (X, v, z)

+
.’. L)

-

Input Data of Fractures
* Total number of fractures = 52
* Fracture type = regular fracture (not water barrier fracture)
* Fracture direction=N30 W75 Nand N3OE 75N
* Total number of considered domains for fractures location = 1 domain
* Considered domain number for fractures location = domain number 2
* Channel generate angle = 90° and 0°
* Distance between channel (channel interval) = 50 m
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5.1.2 Calculation Steps
1. Domain Generator

* Input : Region data, Fractures data

* Output : Fracture model figures and data
Domain 1 (for sedimentary rock)

R

Figure 5.1.1 Domain of sedimentary rock

Domain 2 (for fractured rock)

&

LT

Figure 5.1.2 Domain of fractured rock
2. Fracture Generator
a. Sedimentary rock

Figure 5.1.3 Model of sedimentary rock
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b. Fractured rock _

s

-
Figure 5.1.4 Model of fractured rock

¢. Model of sedimentary and fractured rock

Figure 5.1.5 Composite model of sedimentary and fractured rock

3. Channel Network Generator
* Input : Fracture model data
* Output : - Property setting data 1
- Channel network data and figure
Channel network

Figure 5.1.6 Channel network of sedimentary and fractured rock
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4. Property and Boundary Condition Setting
Input :
%+ Channel network data
% Property setting datal (permeability of sedimentary rock and fractures)
%+ Property setting data 2 (permeability of intersection channels)
%+ Boundary condition setting data
- Boundary condition type = constant head (type number: 12}
- Total number of boundary planes in which constant head are given = 4
boundary planes
- Plane numbers in which constant head are given:
* Plane numbers 4 and 2 (sedimentary rock)
* Plane numbers 9 and 7 (fractured rock)
- Constant head values given:
* Plane numbers 4 and 9 = 210 m
* Plane numbers 2 and 7 = 130 m

Plane nr, 4,
Constant
Head= 210

Plane nr. 2,
Constant
tHead= 130

Sed.rock

Plane nr.9,
Constant
Head=210

Fractured rock

Plane nr. 7,
Constant
Head=130

Other planes sides have no flow condition

Figure 5.1.7 Boundary condition model of sedimentary and fractured rock

*  Qutput: Groundwater flow analysis data
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5.1.3 Groundwater Flow Calculation Result
* Input : Groundwater flow analysis data
¢ Qutput : Groundwater flow calculation result

Piezometric head distribution

Groundwater
flow direction

Figure 5.1.8 Piezometric head distribution in sedimentary and fractured rock
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5.2 Groundwater Flow Analysis in Tono Area

Calculated area is a real field site, a4 km x 6 km x 3 km thick fractured granite rock mass

overlain by sedimentary layers approximately 100 m thick, including the MIU site, in the

Tono Arca of Gifu, Japan. Regular mesh was created to calculate groundwater flow in

sedimentary rock and highly weathered area.

In this study, fracture modeling was executed by applying statistical method, calculating

average distance/spacing between fractures (Fracture Generate Interval) of each pattern.

Hydraulic conductivity values given for every major fracture are estimated from the

hydraulic test results data obtained by JNC.

Table 5.2.1 Fractures Data

Pattern § |

Pattern 1 !Pattern 2 |Pattern 3 |Pattern 4 Pattern 6
Dip Strike N70WSON [N45W20N [N40W6GON (N40E755 [INS60E | EW40N
Fracture Generate Interval {(m) 880 470 270 550 600 490
Fracture Zone Width of one
Fracture {m) 1 9 2 1 2 4
Hydraulic Conductivity (m/s) 4.82E-07| 5.11E-08 9.68E-07| 9.08E-07 1.33E-06| 5.35E-07

5.2.1 Prepared Data

» Total number of domain = 2
* Domainl
- type = sedimentary rock {code = 10)
- total number of boundary planes = 2005
- regular mesh interval = 50 m
- planes numbers = 1, ..., 2005
* Domain 2
- type = fractured rock (code = 11)
- total number of boundary planes = 1049
- planes numbers = 957, ..., 2097

Input Data of Domain
Total number of boundary planes = 2097

+ Total number of geological domain = 1, Geological domain code = 20




- boundary planes types:

1 = top side plane

12 = side planes

20 = geological domain planes

13 = bottom side plane

* Total number of plane compoenent points = 4 (rectangular)
and 3 (trianglc)

* Plane component points coordinates (%, y, z}

e

*

>

-+
..

*
o

>
e

Input Data of Fractures

* Total numbers of fractures groups = 7 groups

- group 1 : Big fault (Tsukiyoshi Fault)

- group 2 : Fractures of Pattern 1

- group 3 : Fractures of Pattern 2

- group 4 : Fractures of Pattern 3

- group 5 : Fractures of Pattern 4

- group 6 : Fractures of Pattern 5

- group 7 : Fractures of Pattern 6
* Fracture type (group 2-group7) = regular fracture (type 3)
* Fracture type (group 1) = water barrier fracture {type 12)
* Total number of considered domains for fractures location = 1 domain
Considered domain number for fractures location = domain number 2
Fracture direction =
Tsukiyoshi Fault : N80OW 708
PATTERN 1: N 70 W 80 N (Fracture Generate Interval = 880 m)
PATTERN 2 : N 45 W 20 N (Fracture Generate Interval = 470 m)
PATTERN 3 : N 40 W 60 N (Fracture Generate Interval = 270 m)
PATTERN 4 :N 40 E 75 S (Fracture Generate Interval = 550 m)
PATTERN 5 : NS 60 E (Fracture Generate Interval = 600 m)
PATTERN 6 : EW 40 N (Fracture Generate Interval = 490 m)

A el

Property Setting
hydraulic conductivity of sedimentary rock = 1.80E-07
total number of fractures group = 7
total number of domain = 2
hydraulic conductivity of fractures (based on INC hydraulic test results data)
* Tsukiyoshi Fault = 1.0E-10 m/s
¢ TFractures Pattern 1= 4.82E-07
¢ Fractures Pattern 2= 5.11E-08
* Fractures Pattern 3= 9.68E-07
* Fractures Pattern 4= 9.08E-07
*  Fractures Pattern 5= 1.33E-06
* Fractures Pattern 6= 5.35E-07

94




- fracture zone width of :
* Tsukiyoshi Fault =9m
*  Fractures Pattern 1= 6 m
* Fractures Pattern 2= 9 m
¢ Fractures Pattern 3=4 m
*  Fractures Pattem 4=3m
* Fractures Pattern 5= 4 m
* Fractures Pattern 6= 4 m

Boundary condition
- Boundary condition type:
* constant head (type number: 12)
+ no flow (type number: 11)
- Boundary condition data:
Table 5.2.2 Boundary Condition Setting

Top boundary
No condition Side boundary condition
i (Z-5m) constant head (Z-5m)
2 {Z-10%) constant head (Z-10%)
3 (£-5m) na flow
4 {Z-10%) no flow
5 (Z-20%) no flow
Remark:
(Z-5m) : 5 meter below surface
(Z-10%) : 10% (of each top point elevation-minimum elevation) below surface
Z : top/ground surface elevation (m)

constant head : for all side except southern side has no flow boundary condition

5.2.2 Calculation Steps
1. Domain Generator
Domain 1 (for sedimentary rock)

-

(western side)

e
SN

Figure 5.2.1 Domain of sedimentary rock

(eastern side)




Domain 2 (for fractured rock)

& & .
o+ (western side) (eastern side)

Figure 5.2.2 Domain of fractured rock

Combined Domain 1 and Domain 2 (for sedimentary and fractured rock)

Figure 5.2.3 Domain of sedimentary and fractured rock

2. Fracture Generator
a. Sedimentary rock
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(eastern side)
Figure 5.2.4 Model of sedimentary rock

b. Fractured rock
Group 1 (PATTERN 1} : N 70 W 80N

¥

Figure 5.2.5a Model of fractured rock
(Pattern 1)

Group 3 (PATTERN 3) : N40O W 60N

+
e ”

Figure 5.2.5 ¢. Model of fractured rock
(Pattern 3)

(western side)

Group 2 (PATTERN 2) : N45SW 20N

Figure 5.2.5 b. Model of fractured rock
(Pattern 2}

Group 4 (PATTERN 4): N40 E758

.. e
LY e

S

Figure 5.2.5 d. Model of fractured rock
(Pattern 4)



Group 5 (PATTERN 5) : NS60 E Group 6 (PATTERN 6) : EW 40 N

o
b

Figure 5.2.5 e. Model of fractured rock Figure 5.2.5f Model of fractured rock
(Pattern 5) (Pattern 6)

¢. Combined Fractures Group 1 to Group 6 and Tsukiyoshi Fault

Tsukiyoshi Fault

Lk

e
ﬁr.\_\ >

Figure 5.2.6 Model of fractured rock (group 1 to group 6} and Tsukiyoshi Fault

98



d. Composite Mode] of sedimentary and fractured rock

Tsukiyoshi Fault

Sedimentary rock

Fractured rock

Tsukiyoshi Fault

Sedimentary rock

Fractured rock

Figure 5.2.7 Composite model of sedimentary and fractured rock
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3. Channel Network Generator

Channel network

channel network of

fractures

channel network of
sedimentary rock

domain boundary

regular mesh of
sedimentary rock

network of sedimentary and fractured rock

Figure 5.2.8 Channel

100



5.2.3 Groundwater Flow Calculation Result

Pieczomelric head

112

Figure 5.2.9 Figure of piezometric head distribution case 1
(top b.c.=(Z-5m) , side b.c.=constant head (Z-5m))

421 !

112

263

Figure 5.2.10 Figure of piczometric head distribution case 2
(top b.c.=(Z-10%) , side b.c.=constant head (Z-10%}))
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417

45 B

‘l
4 -185

Figure 5.2.11 Figure of piezometric head distribution case 3
(top b.c.=(Z-5m) , side b.c.= no flow)

Figure 5.2.12 Figure of piezometric head distribution case 4
(top b.c.=(Z-10%) , side b.c.= no flow)
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Figure 5.2.13 Figure of piezometric head distribution case 5
(top b.c.=(Z-20%) , side b.c.= no flow})
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5.3 Results and Discussions
All piezometric head distributions results showed that groundwater mainly flow from

north direction to the south direction in the analysed area. To validate the model,
calculation results of the piezometric head along MIU 2, were compared with the
measured values in MIU 2 borehole obtained by INC (Table 5.3.1). All calculation
results presented and discussed in this part are relating to the head values in MIU 2
borehole. Calculated results with 4 different boundary conditions are summarized in
Table 5.3.2.

Table 5.3.1 PiezometricHead Measurement along MIU2 borehole
obtained by JNC

Probe
No Packer Measurement [(Measurement Total Average
Reference Depth {m) |Port Depth (m) |Port Elevation {m)  |Head (m) {m)
i 979.5 981 -757.245 245 .7|Below part
2 970.3 971.8 -748.045 245.4
3 959.5 961 -737.245 244.9
4 930.8 932.3 -708.545 240.4
5 918.4 820 -696.245 2461
6 886.6 888.2 -664.445 245.8
7 867.4 868.9 -645.145 2371 243.6
8 2551 256.6 -32.845 214 . HYAbove part
9 187.5 189 34.755 214.5
10 120.1 121.6 102.155 214.4 214.6

Table 5.3.2 Piezometric Head Calculation Results along MIU 2 borehole
using Don Chan Program

top b.c. = (Z-5m)

above part below part

side b.c. = constant head (Z-5m) 244 275
top b.c. = (Z-10%)

above part below part
side b.c. = constant head (Z-10%) 243 265

top b.c. = (Z-5m)
above part below part

no flow 244 262
top b.c. = (Z-10%)

side b.c.

above part below part

no flow 243 254

side h.c.
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top b.c. = (Z-20%)

above part below part
side b.c. = no flow 226 242.6
Remark:
(Z-3m) ¢ 5 meter below surface
(Z-10%) : 10% {of each top point elevation-minimum elevation) below surface
Z : top/ground surface elevation (m)
constant head : for all side except south side has no flow boundary condition
above part  : elevation 200m to -200m
below part : elevation -600m to -1000m

First, in the calculation, groundwater table was set 5 meter below ground surface for top
and side boundary condition except for southern side having no flow boundary condition.
Piezometric head distribution along the MIU 2 borehole were checked. Calculated and
measured values are plotted in Figure 5.3.1. Comparing with the measured values, the
calculated head values were parallel shifted that may be due to top boundary condition or

side boundary condition.

The head difference between below part and above part (275m-246m = 29 m), which
show the head jump below and above Tsukiyoshi Fault, well agreed with the head
difference shown by JNC field measurement (243.6m-214.6m = 29m). Tsukiyoshi Fault
is a water barrier fracture that has low hydraulic conductivity. The groundwater flow was
interrupted by such fault. Therefore, head jump existed and piezometric head values at

position below Tsukiyoshi Fault were higher than the ones above Tsukiyoshi Fault.

For making clear the reason of parallel shift of piezometric head distribution, boundary
condition effect was checked, by changing the assumed groundwater table into 10% (of
each ground surface elevation-minimum elevation} below ground surface, for top and
side boundary condition. The above part showed nearly same head calculation result and
below part gave head changes from 275 meter to 265 meter as shown by Figure 5.3.1.
Assumption of groundwater table 10% below ground surface gave smaller head
calculation result than groundwater table 5 meter below ground surface so that the head

jump below and above Tsukiyoshi fault is also smaller.
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Piezometric Head Measurement and Calculation
200 , !
ﬁ ® Head measurement
0 T — 1
-200 |-- 245 oy 26 A ConstHd (Z-5) :
E 214.6
- C  CstHd(z-0.1(z-zmin))
&
z  -600 B — -
% .. ‘ Ef i‘} Pezometric Head
-800 | - N B 7%:’1 Tt e Trend
-1000 |- B I
2436 265 275
1200 : ‘
200 220 240 260 280 300
Piezometric Head {m)
L. o J

Figure 5.3.1 Measured and Calculated Piezometric Head Profile at Constant

Head Side Boundary Condition

Next, side boundary condition effect was checked, by changing the constant head side
boundary condition into no flow side boundary condition. As first step, top boundary
condition was set at the groundwater table 5 meter below ground surface. At above part,
head values showed the same results between side boundary condition constant head (Z-
Sm) at top boundary condition (Z-5m) and no flow side boundary condition. As second
step, top boundary condition was set at the groundwater table 10% (of each ground
surface elevation-minimum elevation) below ground surface. The same phenomena, as
obtained by former boundary condition, were observed. At above part, head values
showed the same results between side boundary condition constant head (Z-10%) at top

boundary condition (Z-10%) and no flow side boundary condition.

Al the above part, the changes of side boundary condition gave the same head results for
the same top boundary condition. The piezometric head values when top boundary
conditions were set as (Z-5m) showed the same results between constant head and no
flow side boundary conditions. The same piezometric head values were also observed
when top boundary conditions were set as (Z-10%) between constant head and no flow

side boundary conditions. Piezometric head calculation results were influenced by the
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top boundary condition given. From these results, it can be found that the side boundary
condition gave no significant influences to the above part head values. On the other hand,

above part head values were influenced by top boundary condition.

However, the head values at below part showed the significant ditferences between
constant head and no flow side boundary conditions, from 275 m to 262 m when top
boundary conditions were set as (Z-5m) and from 265 m to 254 m when top boundary

conditions were set as (Z-10%) as shown by Figure 5.3.2.

Piezometric Head Measurement and Calculation
200 Py % ® Observed Pz.Head
0 3 A CstHd (Z -5m)
Ele -200 | O CstHd(z -0.1{z -zmin))
val 214.6 226
ion -400 - < Noflow {Z -5m)
{m} 254 262
600 - e 5 = i‘r © Noflow(z -0.1(z -zmin)}
800 ':3 P & o Noflow(z -0.2(z -zmin))
D 275
-1000 - % % - ‘t‘ - - - Piezometric Head
2426 2436 265 Trend
-1200 . ‘
200 220 240 260 280 300
Piezometric Head {m)

Figure 5.3.2 Measured and Calculated Piezometric Head Profile at Constant Head

and No Flow Side Boundary Condition

The above results show that below part head values were much influcnced by side
boundary condition. The significant differences of head values exist betwecn constant
head and no flow side boundary condition at the top boundary condition (Z-5m) and top
boundary condition (Z-10 %). At the below part, constant head side boundary condition

gave higher head values than no flow side boundary condition.

To check the top boundary condition effect, we can analyse the head calculation results at

the same no flow side boundary condition, for different top boundary condition (Z-5m)

107



and (Z-10%). At below part, head values gave significant differences from 262 m to 254
m, for top boundary condition (Z-5m) and (Z-10%). This result showed that below part

head values were also influenced by top boundary condition.

At above part, change of top boundary condition showed the change of head values from
246 m to 245 m. The same phenomena were also observed at this different top boundary
condition (Z-5m) and (Z-10%) for constant head side boundary condition. The head
values changes are from 246 m to 245 m. Top boundary condition gave influence to
above part head values. This top boundary condition checking also showed that by giving
the same no flow side boundary condition or different constant head (Z-5) and (Z-10%)
side boundary condition, the changes of head values at above part were same, from 246
m for top boundary condition {Z-5) to 245 m for top boundary condition (Z-10%).
These emphasize the previous analysis that above part head values were influenced by
top boundary condition while side boundary condition did not give significant influences

to this part.

As the final step of calculation, top boundary condition was set at the groundwater table
20 % below ground surface. The result showed that top boundary condition influence the
profiles below and above fault. Piezometric head profile below fault was almost fit with

the observed piezometric head profile obtained by INC.

Al the no tlow side boundary condition, flow is influenced only by infiltration. At the
constant head side boundary condition, besides infiltration, flow in the analysed area is

also influenced by the flows that pass through the side boundary condition.

There will be much water at the northern part (upstream part) of the water barrier feature.
This fault gave significant influences to the groundwater flow, which was obscrved along
MIU 2 borehole. The head jump below and above Tsukiyoshi Fault created by constant
head side boundary condition is higher than no flow side boundary condition.

Based on the above analysis, we can conclude that below part head values were much

influenced by top and side boundary condition, while above part head valucs were
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influenced by top boundary condition. Since the calculated head values have not fitted
with the measured head values obtained by JNC, while above and below part head values
were influenced by top and side boundary condition, more considerations of top and side
boundary condition are needed, in order to have good agreement of above and below part

head values, with the INC measurement results.
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CHAPTER 6

CONCLUSIONS AND FURTHER IMPROVEMENT

6.1 Conclusions

Fractures data of four 1000 m boreholes (AN1, MIU1, MIUZ and MIU3), located in the
MIU site and obtained by Japan Nuclear Cycle Depvelopment Institute (JNC), were used
for constructing fracture model.  Based on the stereographic projections of fractures
orientation data read by Borehole Television (BTV) figures, fractures patterns were
analysed and interpreted.. Stereographic projections were made in every 5-m range
borehole depth, every 5-m range borehole depth with sliding 1 meter and every 1-m
range borehole depth. The connection of fractures among observed boreholes were also
analysed by using 3-D visualization technique developed in this study. Selected fractures

patterns were checked by comparing with fractures in bore cores.

The obtained results are as follows:

* Six fractures patterns werc selected and major fractures directions were defined
by stereographic projection and bore cores observation.

* The selected major fractures are in accordance with lineament data of Tono Area
taken by remote sensing system.

* Technique of groundwater tlow calculation on the basis of the borehole
information can be proposed.

* The changes of boundary conditions were given for making clear the effect of
boundary conditions on calculated piezometric head. The calculated piezometric
head results along MIU2 borehole, where the Tsukiyoshi Fault exists, were
checked and compared with the measured piezometric head values along MIU2
borehole obtained by JNC. Phenomena of piezometric head distributions were
simulated. Groundwater mainly flow from north direction to the south direction
in the analysed area.

* In the MIU2 borehole, Tsukiyoshi Fault, a water barrier fracture that has low

hydraulic conductivity, was observed. This faull gave significant influences to
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the piezometric head values along MIU 2 borehole. Groundwater flows were
interrupted by this fault so that the significant head differences (head jumps) exist
below and above the fault. Piezometric head values below the fault were higher
than the ones above it.

Based on the analysis, we can conclude that along MIU 2 borchole, below part
head values were much influenced by top and side boundary condition, while

above part head values were influenced by top boundary condition.

6.2 Further Improvement

Since the calculated head values have not fitted with the measured head values
obtained by JNC, while above and below part head values were influenced by top
and side boundary condition, more considerations of top and side boundary
condition are needed, in order to have good agreement of above and below part
head values, with the INC measurement results. More detailed field observation

on the top and side boundary conditions are proposed.

111



REFERENCES

Kunio Watanabe, Yokito Sugimura, Yutaka Morita, Tatsuya Tanaka, 1997,
Channel Network Modelling of the Fractured Granite in the Hinachi area, Japan, a

paper at the topic of Earthquake Proof Design and Active Faults, Elsevier

Martin Mazurek, Paul Bossart, Thomas Eliasson, 1996, Classification and
Characterization of Water-Conducting Features at  ASPO: Results of
Investigations on the Outcrop Scale, NAGRA, Switzerland and SKB, Sweden

Jacob Bear, Chin-Fu Tsang, Ghislain de Marsily, 1993, Flow and Contaminant

Transport in Fractured Rock, Academic Press

Robert  Bowen, 1984, Geology in Engineering, Elsevier Applied Science
Publishers

A.C. McLean and C.D. Gribble, 1979, Geology for Civil Engineers, Fakenham

Press.

B.Jamtveit and B.W.D. Yardley, 1997, Fluid Flow and Transport in Rocks,
Chapman & Hall

Jacob Bear and Arnold Verruijt, 1987, Modeling Groundwater Flow and Pollution,

D.Reidel Publishing Company

David R. Maidment, 1992, Handbook of Hydrology, McGraw-Hill, INC

David Keith Todd, 1980, Groundwater Hydrology, John Wiley & Sons

Herman Bouwer, 1978, Groundwater Hydrology, McGraw-Hill

William C. Walton, 1970, Groundwater Rescurce Evaluation, McGraw-Hill
Stanley N.Davis and R.J.M. DeWiest, 1996, Hydrogeology, John Wiley & Sons

112



Part Il

TEREEITBITS
KA B OEERREICE T 598



7.1 BEER

BEFARBIILE D TRINE—OEEIZES R THRET OB HRES DAL, BHR
HEpSRTAZ EOTERSWRETHS, ZTOUSHEELTHRITb-EbFAHENT
WAOHHBUATH O, AROIBRETMABZRE THENED SN TWS,
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AT R OMEMNRT 5N D,

7.2 EEERY

a3 ROTMAEMERNCHTAREIEZIEET 520K, BTKO SR
L-HEERE SR L TWA EEASNAENERETM T 2 THEEMET LI LHHY
THB, LENoT, AMETEINEZOAE TR PN ERAIZRET SKLE
OEPIMEENLT S I EEHNE L,
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MAEGEEEIOME. ZICHEROEREREENSEZAEEIIED
VIESRHOMBEEREN S5, B8 ICHEREZ, K82 THERZ, X 8.3
CHVERTE R 2R

HAEROEREER, RREICETOHBEGHE CNEBEI BRGNS, -
NHICEAT S LRGN 5755, EEAICFREIT, RB—FHEE &R
FHOERMITICMEL TH D, LR o WmAICEETOMBEEHE, RINTER
HRMACE . I AsERIEREEMNA ML TS BRTHESEIT. Fr— b,
A, JEE. BE, THRSh, #RogINic—ErRD 515, JOXR
WA EE LEEREICEASINS AL TORMTI TIHEMERIERICX
DRV 7 VLU TS, BRRAUS BIECEE~ 7 1 1 PEOEREEE
IREMN S50 BHRE, MBS, FE. RESHMOMES 24 2. ReUR T,
IR ACE DR PR ERAL RIS AT 5, IR A, R amT
LEMEEO KIS E D, BEH 12km, EiH 14k mOEEMEOEE
ELUTHMY 5. FiEaid, ZICH~EEOBERLEREN S0, 2T
ZEARIEE. 7751 NEREORRA NNW SEIZWSDPEAT %,
REFEMEISAINLHRE, IHBRICIVE~BREZET 5, LIR{E
i a5 DT, 82~68Ma EHiE =N T 5,

MESRKOMESRIIP Rt OmRER SRR OMA BN 572D, B4
OWEFERIL TR OMBEHFERESICED,

MR ERE, I D IR~ B OHEIEE N 572 D |EMIIET ~NE
WHHR RS, TORMISFRLED TR AR, AHUEE. HiERE, L&
RBIRDEND, LIRRKRABE, KERS - BRERLT LIRS - Bah
5D, BREEHEAERSICED. ERICEHEa O o NS ARER. =
WRRAIE A ESIZEN, BREEDOWAE - 2V - IRAE DA TR
53, EEBEEET D, AHEEE SRENE~EENSR0, BRED
WD, SRERE. BEFEOLI Me~#MEEKERS THD. HEL
R, PR R 2D IR E S ERBEBORAIEIAEGENTF
TY B,

WP R EE I ORI L. T EEO RO &,
MH O IRIEB NS5,

TR OHEME & LT, b REICIFIEEW ROEMERT HEWE.
UK R AR NE 2O ILHEEH S KUORRILERE AT 5. BEEE,
HBELLFRE L TER N80® W, f#170° S, #& 10~30m, EEZLf 30m%
A EANE ETOUMBTHD, TOEHIREOFNLYD ., £ ERBHE
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ARFFE TIIAERREIT 1 2 VBB MNT > e R 7 R— 7L ¥ (BTV) ##
i, BlREOHEEA (dip) SERFAA (dip direction) ZHDZL., EE
DEFOE N L D B & RS R E LT fz. BT B
BAGAD., OF—1) 27 ENENBAKEL TS MIU LE2HWE. K
91 ICR- UL/ B ERT., kAR bERRT 2TEENH S, HiEN
BEEE-SFENEENBZRD L. FOHRDRAGN EDRERHT- 7,

7 /‘_,/ SN NSRRI
Jjﬁ g = /\,%\%{%;\%}\;E})ﬂﬁﬁ/&“ )
= TW/)ﬁff/

AT RS = Y
i S ==\

e

)

7
7
‘ S N
Qﬁ? X\ L;F‘:i:g?\\ /, =
R NN

SRR AR i
WAL=

7
il
Wk
A
I —
NN s

14
o

.,

i
’F)

W RsY
i o ORG 1
L S

,f'i/((( Pl d
100 200mdy

A 7
WO NI TED T F § T LY WERT S

9.1 H—U 2 THAMEK




9.1 HEIZXSEWN
BEOEVWZL2ENEOFAELET S0, MIU-1,2,3 FLioB
WTIERBZEMSE L., EE 100~1000m DK% 20mT D23, 48
B BRI AN E AT L A L7 (Lower-hemisphere, Schmidt net).

®9.1.1. 912 H913FOREERT, 2713/ — &
RTH D
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9.1.1 MIU-1FLIZBIF2FN B GRERD
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9.1.2 MIU-2 fLicBI2FNE M GRER)
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9.1.3 MIU-3 LIz 3ENBoHm GEED



ULoMZS LI, REZEIHSINIBEREZLDD L, UTOL
2THD,

OMIU-1 DT
+ 100m~180m icHBFEL THASNAENEE L TNE RO EAKHE
EROENENSH B,
180m &H7= DS tEAOKAERNE B DN, 320m B DM S
FEMANEEL T,
© 360m~580m BN B QAL Dz EW EROEIRN
HASA D,
© 580m~620m THL EW EMOEER WEHO 2 EEOENBNE
HELTWBOT, REBEINENDSe0EENEN. £ 700m~
TA0m IZDWTHEIC I ENE R D,
* 840m~980m TiH 2 DDENEREFEAH O I T THHREFNEN
HDEEZLND,
SMIU-2 12D T
+ 160m~200m IZNTT 2 DDOEFHNRENS,
- 220m~380m TITEAEIINEANB D,
© 400m~720m (2T TEINEH OB DTN,
* 560m~840m IZ NE EPD S AEREFOEINE R S 1EEOHI
IZEDAWN EW ERICEEL T,
© 840m~920m TiZ EW FMOItEH. mEEFHOEHNBNEET 5.
© 920m~1000m (/T NE EMALEROENENHEL T b,
OMIU-3iZDWT
* 180m~280m (2T T EW EM AR OB AE & NE~NS FMmit
FERIOEAESNENELEL TWha, 300m FHEICBRIC X S
BEFHRR NS,
© 320m~380m TEHEINEH OEMN DRI AHEMBESIESTH S,
* 380m~440m 2T TIRAZEOENENBILE, NW—NS—NE &
EMHAED> T ftEEZENS,
© 500m~560m IZNIFT T2 DO0EREAR NS,
© 600m~680m IZMT TEAEMEROENENEPRL TS,
* 720m~780m Tid NE FEMABEEMOSENEI AL T3,
+ 880m~920m DT NE EFOEEM. LEMOBNENFKET S,
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9.2 HHIZEZENL
BHOBWIILAENE O/ ZLET 572D, MIU-1,2,3 fLOF
E 100~1000mOR[HEHRE LK ZET o/, FEMFEL TS L
I 5 13 & & < Biotite Granite. Felsic Granite @ 2 BHIZ7 1TS54,
& 517 Fine, Medium. Coarse &7 53T,

—a

g T ] ——
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9292 MIU2FICBFAZNEZE (CEHED

MiU~% thintite granita) MIU- T (felsic pranite)

MIL-3 {Medium=gramed botite aranite)
N

K923 MIU-3fLIcBITBEINBSM CEHE5)
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%021 FHAWNENEEE (& m)

biotite granite | Medium—grained bi| Coarse—grained bi felsic granite
MIU-1 2.638 3.246 2.097 3.506
MIU-2 3.181 4.294 1.602 10.408
MIU-3 3.925 4.531 2.985 7.921

DEoRFEEZSH S, SEIEICEDIINDBHREZEDSE, D
X5 TH 3,

<biotite Gr.>
NE~EW ERBEEHOSAESNEHNILEL Tnwa, MIU-3 fLOH
NS~NE £MitEROEAZEOENHDOEPNIRSND,
<felsic Gr.>>
biotite Gr.& @B NE~EW EMBEEMADOEHEOEINENE .
MIU-1,2 FLiZ NE~EW FERHUER OPAZEOENAVBR 5N5.
biotite GrAZ BN HAFHEL T s,
<Medium grained biotite Gr.>
BB O biotite Gr. 2 A MR & 1FiE—F T 5. Coarse grained biotite
Griclk_EN BN ELTNS,
< Coarse grained biotite Gr.>
MIU-1 Tk NW EROKAEENBEOEPRRESNDDITHL
MIU-2,3 TIiXR &N, NE EREEROEAESNENR NS R
B L TiE. 20 E—ET 5.
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9.3 WEMNFEEF-ENEBEORH

EDLOBEEER - ENBNKABEEERT 20F 22K, K
ERAOEEERN, ZEAKEFVEFEFNSTNWEZELOSNS, T0
KA E ERDEBDTRENENRANWTVWAZENBREERS, DF
DEREDIEABIZENT, (D3 2EDEHEAZENEVPESY T SH7
HLL<IE, QBRI AKE<HEAOLZEINKRAB ERBEZTTH S,
AIFIZDNTHE, BiZ, WAWARFROENENEFL TWnEEIA
EHEADL, FNE, A AROERNENERFLTWEAER. 05D
5OV DMDENBIZEGEEARERL TR EEZEASNSNLTH
Z, LML, &rnUICERL, BEFTHHL TWaLhEhHIL, F4
FRFREELIC X DY 5, WETEEELRBEKER &3 0G0,
CDEIBBRAERFEA. KABEMBHELELTK 93 L1LIRTHDZE
PUTDZENTES, INSOENBICHEALTEASZZ L. 2400k
DEBRITIEELZENWS T ETHE, TITHRO3LERLEL DR
EOEINHMBTV TRABE. K93 20E3ICRASEFEL.KI.3.3
DEDBNEETHROHL, TOAMPENHEEDNKAD EEHNE
Wit EfTo 7.

EAEgR=Frl FINEH DI
X 9.3.1 KABZERT DAIREIENH D E T
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BTV iC &L 2FNHBRICE > TatR L2k D ahE L FHINSEN
HEROUHLE, 2OENHOTEOEREAA (K 9.3.3 B % 10°
TEDQRBICAT, THICEBILCHIEbOEK 9.34, 9.3.5.
9.3.6 IZ5r9, BliN—t +TH D,

% T £ #
. & .%\. - ‘ P
& RN E ) K2
s ool
& ; . % £ 8 %
K934 WMOHLAEFNED AR MIU-1 (£ biotite Gr. 4 felsic Gr.)
L] " &
%\._ ' »
EE
935 WMOHLAEZNEHDAER
% T 7
kS »
W -
+ K @" ' ' . %
g % - . H

=]

936 WOHLAZZNEHOAHM MIU-3 (£ biotite Gr. & felsic Gr.)
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#9.3.1 ) AHFE TR LTSN EHOBNEEE (F/m)

biotite granite Medium—grained b Coarse—grained bil
MIU-1 0.2 0.207 0.172 0.198
MIU-2 0.229 0.265 0.178 0.233
MIU-3 0.158 0.195 0.099 0.123
<biotite Gr.>>

MIU-1 @ 20° 200° 240° FHR~OEPE NW £ B IEEFOELH
MORELEEZEZLND, £/ 300° HRADIRERR NE £ROE
HnsDREEZEZ SN 5,

MIU-2 @ 180° 330° FHl~DEHiE. NE~EW ERmEEFROEIN
BEM6IRELEEELZSNS, £K9.3.5 NS NW EROEFNE D
EdIERTERNA 240° HFEAOERNRRSNDL I EME, NWE
HOENENFEZL THBSAEENS S EEA SN D,

MIU-3 @ 350° 180° HEI~OEHIT, EW ERImEER O & HESIN
BasiRELFEEZ NS, /- MIU-2 [HRIZE 9.3.6 N5 NW
EFFOENE CEFITHEATELR NN 40° FTZOAHRANOERNES
NBETEMENW EHOENHENFEEL TS AEENSDEEAS
N5,

felsic Gr.>

MIU-1 @ 350° HE~OERZ.EW EROENHNSIRELZEE
Zoihd.

MIU-2 @ 180° {HE~OEFZ EW EREEACEAEEINE NS
RAELEEZEZ NS, 73207 AEAOEFRIZ. NE ERILEFO
ENEMSIRELIZEEFEZ LN S,

MIU-3 @ 310° 350° AR~NDOEFII NE~EW EROENHMN SR
ELEEEZENS,

felsic Gr.id biotite Gr. /2 b _EM BEEN K E VAL, AP TIRD L
BB OEERLET S ERELETIRSNAN, > TIOHR
O ELTEZBE, 2 DOEMELAREEEEHOBNIZI D KD
5EOSEODESWNREL D LTS NEEN,
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KIZAHFR TR EIFAEINE OWE &, EERICEARHERS I3
FEQLEET- 2. BEEK9.3.7 10RT. RAITRINLEHAGEAD
BMENMBET, N—k2 FERLTHZHOIIABEKIEREN
FEHTH S, KBRAKEF LD LT 10m BEQHFIZENBNE <
BoTWADHHERTELEES, FEMOBRKEFHTHN DNED
EIRERARENS, COZEMS BTV BZICK DA RTED £IF
~HNBE. Kb ERBENE EOBICEENS B TREENEZ SN
%,

Fracture Density (fracture/10m)
he. =1

WCET LRIy

WO T

Fracture Density (fracture. 10m)
B

‘ LT TR RN IR
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Fracture Density (fracture/10m)
MIU-3

WK

“ i

9.3.7 FMRTWHEL ZENBOFNEEE L®/KENE OB




H108 TI—F v T RRBLERLS

10.1 KB HIBY
W, Ta—F v IRFEEARBROSAMEA~OBEAMEICHE T S5RENH
HINTWS, FITHRABEEZ AL, R0 7a7ic U TEHEZTTN,
Wi R A B X ONEKBINBME THEEOEWEH LM E D Nkt E
{127,
10.2 ik B i
Iad—F o 7BXiBE HELYE
AEEEE, $RONTT R0 bRTF 4 —2HREAICIT S 0T, £
DEZDVREEICHTARBEEEOHZFMTSBOTHS., S D
PR “L” S LTERSN, 20 "L IRREEEITEFHETEH -
oEE 1000 fRELfETH S,
Fie, ZORBEIIENSREIN TSI 23y PNAIT—0
a7 -HEERBEICEN, DToREE2EL TS,
- FTETRLFE-H1INmm ENES < BafREomERHN S U THE
HTE&%.
s T AINTF Y NETHENGE SN DEEOT — Y 2ERRT
FETES,
- HIEAENEHETRAZEN DN,
- AEEANERTESEICENTNS,
10.3 {4k
Bl 7 L R R, EREr Y —-rE. AU ay
MIU-1{Intact, WCF) MIU-2(Fault Zone, WCF) MIU-3,4(Fault
Zone)
10.4 B ik
T FICA D FAREED 217 O HE % 518
- FIEAMEAITOPLERES IS ICHBEEZ LoD LEITE
< B SGEE TERITEZ B ITREORENE 2TV, RAEZRZR
< FREOMMOEL WEFTILERTS
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10.5 5%
10.5.1 2455 (Intact Rock)

FTHROICRERATOHEETT- /. ZITESRL2AZIT LR Im
TEIIYIMIENTATH/ICA>TWBaT7H, ENHIES DAR - TS
HOT, DEELERINENWEDOTH D, Biotite Gr.idiEE 500m LI
BT, Felsic GridiEE 750m fHIIZBWT, FNTNIEHT DE 6 £D
HE % 2.5em MR TIT> 7. K 10.5.1 &% 10.5.1 IR %Z R 7. Biotite Gr.
& Felsic Gr. CLEZRLET S &, Felsic Gr.OHNKEMRMEIZL-7, F
7= Biotite Gr.OAMLEDIZ S DEMNAEL o7, M 105205 bin
% X 517 Biotite Gr.id RE DI O DML S DT NS0T, FIE O
IS OE WD, LEICKBLAEDDEEZ OGNS, BETTOHER
Mo (HEHETO LEOTRME=THE-FiERE) EEXAT, #e80s
2B 2 TIR{E % Biotite Gr. C L=803. Felsic Gr. TL=860 && %
7z,

1000

- -1400
o B00F -l
g - 41200 g‘
'-2 600+ E
a - <1000 2
'§ 400 §
- | Felsic Gr. 1800 o
W 200 w

: +4600

O | | L | L | 1
0 20 40 60 80 100

Location {cm)

B 1051 HASTOLESM
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MIU-1 Intact (L Values)

#1051 fREHTOLIE

TOTAL |Biotite
average 351
std 48
TOTAL |Felsic

average 885
std 25

Biotite

depth{m)| 490-491| 496-497 | 503-504
average 863 855 835
std 54 43 43
Max 946 936 922
Min 721 737 744
Felsic

depth(m)| 744-745 | 745-746{747-748
average 883 892 879
std 30 21 22
Max 983 921 920
Min 806 843 832

Biotite Granite

(std=1ZHERE)

10.5.2 Biotite Granite & Felsic Granite
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10.5.2 WrEaEReE (Fault Zone)

RICK BT TOME T . BERGRS TR 7 ORENE
L<, BEMOLS—FORBTHET S 2L TERN >/, HED
WHELEZATIR. (DEIE SN D T 7 OBEHMICZIEN 2.5cm B LD
EEAH 0. (237 HEIEE S, SBAEICE TR TWE b0 &L
LT,

MIU-2

MIU-2 TOEFHRZK 10.5.3 2R 9, MBHERFIOAI<II2NTL
ERRADL Tho T/, WglaE T L EOFEEN 498 12 =012 xt L,
W R R 2 B AR AT 726, FEBEHIT 803 Eiao7r. U0 BE
BRHICBOWTAROBENMBEFLTWE LD EEZ NS, KOFEH TR
LTWABHEHANRZREIN TS EEEE OKM T, BETRLIZDONRN
EFFETITRBEEICLDZBDTH D, MWHRHOZENS S/ LU IL#EHEIC
bl TWaAOTiRAVLMEELZSNS, REHTEELSICRZ %2076
ERICAEZT>THD &, WEERHORES THEEDK FAR o,
e O BRI ERTRMAOAEN, L BEOREXS2EINNEL, #2337
TOLEICESDMNRN,

1000 MiU-2

...... . Felsic Gr.,

Equotip Value, L

200 1 ' |1|
il

géo 880 900 920 940
Depth (m)

10.5.3 MIU-2 TO LS (n=434)
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MIU-3

MIU-3 TOREHEEEE 10.5.4 1277 MIU-312BWTH MIU-2 [k,
WS T LEOE FRR N, BT T LEOFEA 592177
SO L. LEBRET 769, FRMIT 773 Lizolz, EEMAIETRAIO
LIS DEERE~NSDE MIU-2 [FiE, TRATH2237 TO LEIZR
ZOBENESITEDNS,

1000 : M".J-s : :
'''''' ! Biotite Gr. ! )
! 500 i B
Q ; \ :
E 1
& 600}
>
o
2 400}---
0
& 200)--
w

8707 680 690 700 710 720 730
Depth (m)

10.5.4 MIU-3 TOLE®RM (n=217)
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MIU-4

MTU-4 TORESESE K 10.5.5 17T, MIU-4 OFR—1 2 F 3 RiiK
TUEEMD THBHERFRREORELZ TN TN, MBO HEHN
Felsic Gr. T F &7 Biotite Gr. £/ > THE D, EBRHIO AT RANT LA
LEMNS<. MIU-1 TORIFE#HERE—ETSH, LBAETRAEZOLED
5 D&EALET S E MIU-2,MIU-3 SiZEWTRATOIESDENAE
<Irofz, MIU-2, MIU-3 IZHNLEOESDENEERICKEZELRAS
DRBENAENTE S 2EEAREBDEEZSTLD,

1000 .
Felsic Gr. | L

ﬂ.&muui--+hﬂ- ,
@ : : : !
3
s 600111t .
> R ;
= 400 H{{IR-H-11--
o 4148 L
= LI N § +.
u .y i ! gu |
g 200 st |l

660 670 680 690
Depth (m)

e
O =

1055 MIU-4 TO L{E54 (n=185)

SEAOBEERN 5. BB CLE@E b - TE L < BEAE
FLTWBEEASBEMES, BRTIIMBRIS DREICL < ORENE
RINTWBM, WEMEE LFBZET. Ta—F v 7 REHEERRIC
X 0 B TRENT A B AR AR R S B S,
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10.5.3 &KEHNB ML (Water Conducting Fractures)

KBS TORRN S, kBB EA>THWAENEMETEEDET
MHESNAWMEET D 2o, SR 1 7 IVEBEERT > 13RI
Y OBADSERINMETAEEZT2 2. FHEIZZOPRTHARARDRK
NER SN TRE 2T 2. BITEERIZH 50cm TH 5.

WK &R

» MIU-1 {#EE 201m (80%3%7K)

» MIU-1 #F980m (100%3%7K)

+ MIU-2 #E 223m (100%i%7K)

MIU-1 (201m)

MIU-1 (201m) fHETOHEHEF*K 10.5.6 1277, BEFHTO L E
DOFHEEEAOBTRLE, BEETO LESHET 2 &EKEINHM
AETLEMETFIRRESNT, WcEgWnEsiro/. FEIZX>TETLE
MEELTWAESITELNS,

MIU-1 (201)

1000 : : ' :
: | WeR :
- | BidtiteBr. | A . .
& 900(f by d-torb i3l L
= I
S
Y 800 gliiie L
ﬁ - : -
5 |
& 700 JUt R |
i

] il R Il
60970 180 190 200 210 220
Depth (m)

M 10.5.6 MIU-1 (201m) fHETO L{ESfH (n=95)
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MIU-2 (223m)

MIU-2 (223m) fHETOREERER 10.5.7 1R, 75710 Fr &5
L7 2 7 ic SN B R E 1B TH 5, MIU-1 (201m) TOH|
TR LB, RATNBMETO LEDEFRRESNEM-7, £
BEBTOEEELDEWEE A SEAD RSN, RAESTOT—id
VERE 500m fHHEOH D THED T, &I AD Granite DHNLEDK
ENTREMEA H D EEL5N5,

MIU-2 (223)

1000 : et
. Fry cF|Fr |
IR “"j"iB’ib’tite"Gi'.‘:l‘
@ 900k-r-1--1H-r---FH e i+ Y1 1 I |
= h ! "-
® ' ;
> :
2 800fit{HHHIE--fHH- LI
- }
]
3.70() LU IO
O i1

60900 210 220 230 240
Depth (m)

10.5.7 MIU-2 (228m) fHETH LEZT  (n=70)
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MIU-1 (980m)

MIU-1 (980m) fHETOREREAN 10.5.8 1277 AROEWBAT
TORELFRERD EAKENBMITLECEKTAER SNz L,
a7 OERENEL HNRAE RGO ZENTE o, ZOHKR
MERAKBNEMETHEEMETL TWa EHET 52008 L 4,

MIU-1 (980)

1000 T T 1 :
IR S " S S S
P e N
s IR TRl
m -1 9 u - - .-..E d- . ..IFI,..:. ....... .:-
> ,~ BH :
o SOORr I A1 1t i
= .;.1’- S 105111 LIS | BV L
o M T : i
3. oot (AR ER TR 1B
600 L R E

860 970 980 990 1000 1010

Depth (m)
10.5.8 MIU-1 (980m) tHETO L#EZH  (n=69)

WRAKBNHMETEBOBEIME R L TWeWLW B ET N, HE
DENETATIEREOLIRBEREIR NG, L., BE0n&IA
TIREEMEF L TWS A NHRTER, £z, BWEIAITENLT
LIEAKRESRED, GEOBMIE> TLESSTFTESHHW/NS<ED
R R SNz,

SEIT- —EOREMN S, TI—F v TREBEERBEZR-) 70
TOETOFREIBWTIT> THAEEETHTHLDTEANNER S,
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1T SEM (EEBTHEMR) CLIER
MIU-3 FL. %% 697.3m (biotite granite) DOEIBIREMHRIZBNT. &8
MR TER, FITSEM 2y, LOHELWEEZTo.

s ]
635000 |
J ul
X
>,
HEd
BaE. a4 - N
3.
L
%
B9, 960 —glg ARGLET
5 )
BY - us3E cih
[SERE
|
F o0 1
-
§
887,120 4
~
-
587.200 i

597.360

637.440

11.2 MIU-3fL697.3m TH> 7 7L
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B11.3 SEM TRAH\EOM®E (X300)

SEMIZE>THLLBEBELTHSLE. FHEOETHE 11.3 O L D itEN
B TE, MTHRRACLSHBBEEER NN -7, SEM IZL5HE
NS ZOHICH Step WHERTE, ZETWI EERIZEWVW-EBHNS, B
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