1. DFNE 18-593 SAND2018- 2645C

Investigations of Fluid Flow in Fractured Crystalline Rocks i i
at the Mizunami Underground Research Laboratory

Hadgu, T.

Sandia National Laboratories, MS 0747, P.O. Box 5800, Albuquerque, NM 87185, USA
Kalinina, E., Wang, Y.

Sandia National Laboratories, MS 0747, P.O. Box 5800, Albuquerque, NM 87185, USA

Ozaki, Y., and Iwatsuki, T.
Japan Atomic Energy Agency, 1-64 Akeyocho, Mizunamishi, Gifu, 509-6132, japan

Copyright 2018 ARMA, American Rock Mechanics Association

This paper was prepared for presentation at the 2™ International Discrete Fracture Network Engineering Conference held in Seattle, Washington,
USA, 20-22 June 2018. This paper was selected for presentation at the symposium by an ARMA Technical Program Committee based on a
technical and critical review of the paper by a minimum of two technical reviewers. The material, as presented, does not necessarily reflect any
position of ARMA, its officers, or members. Electronic reproduction, distribution, or storage of any part of this paper for commercial purposes without
the written consent of ARMA is prohibited. Permission to reproduce in print is restricted to an abstract of not more than 200 words; illustrations may
not be copied. The abstract must contain conspicuous acknowledgement of where and by whom the paper was presented.

ABSTRACT: Experimental hydrology data from the Mizunami Underground Research Laboratory in Central Japan have been used
to develop a site-scale fracture model and a flow model for the study area. The discrete fracture network model was upscaled to a
continuum model to be used in flow simulations. A flow model was developed centered on the research tunnel, and using a highly
refined regular mesh. In this study development and utilization of the model is presented. The modeling analysis used permeability
and porosity fields from the discrete fracture network model as well as a homogenous model using fixed values of permeability and
porosity. The simulations were designed to reproduce hydrology of the modeling area and to predict inflow of water into the research
tunnel during excavation. Modeling results were compared with the project hydrology data. Successful matching of the experimental

data was obtained for simulations based on the discrete fracture network model.

1. INTRODUCTION

Characterization of the natural system is of importance to
geologic disposal of nuclear waste. The Mizunami
Underground Research Laboratory, located in Tono area
(Central Japan), is a research facility administered by the
Japan Atomic Energy Agency (JAEA). The facility
provides scientific basis for the research and development
of technologies needed for deep geological disposal of
radioactive waste in fractured crystalline rocks. Further
description of the hydrogeology of the area can be found
in Iwatsuki et al., 2005 and Iwatsuki et al., 2015. Fig. 1
shows location and details of the research facility. The
part of the tunnel where the modeling is based is given in
Fig. 2, showing the Inclined Drift, Closure Test Drift
(CTD) sections of the tunnel. The figure also shows a
monitoring well (12MI33) together with monitoring
locations in the well. Through the Development of
Coupled Models and their Validation against Experiments
(DECOVALEXI19) project, a comprehensive set of
fracture, hydrologic and chemical data were obtained
based on experiments in a research tunnel located at 500
m depth. Development of a discrete fracture network
(DFN) model is presented in a companion paper by
Kalinina et al., 20018. The companion paper describes the
fracture model development based on fracture data

collected from the excavated areas and boreholes. The
fracture data analysis produced up-scaled permeability
and porosity data for flow and transport modeling. In
generating the permeability and porosity fields the matrix
rock was assigned a permeability of 10"’ m? and a
porosity of 0.001. In this study, the focus is on flow
analysis near the research tunnel using the up-scaled
fracture model.

The aim of this study is to predict the amount of inflow
into the research tunnel as the tunnel sections are
excavated. The simulation also aims to provide pressure
histories at selected monitoring locations (shown in Fig.
2) due to the excavation process. Flow simulations were
conducted with PFLOTRAN (Hammond et al., 2014), an
open source, state-of-the-art massively parallel
subsurface flow and reactive transport code in a high-
performance computing environment.

The project provided data of tunnel excavation progress,
as tunnel sections are excavated is shown in Fig. 3. The
figure shows excavation progress in terms of days since
excavation began. The excavation data have been used in
simulations of inflow into the tunnel.

The excavation progress was modeled by progressively
removing material assigned as the host rock. This is



equivalent to increasing the grid blocks representing the
tunnel as a function of time. To get a better representation
of the excavation progress, a small portion of rock
material was removed at a time. Thus, the material
removal was in 1 m increments for a total of 103 m tunnel
length. This resulted in 103 PFLOTRAN runs applying
the pressure boundary conditions assigned for the
excavated area. The modeling was carried out with output
of each PFLOTRAN run used as input for the next run
until the complete excavation of the tunnel parts was
complete. To automate the simulation process, the
optimization code, DAKOTA (Adams, et al, 2017) was
used as a driver to PFLOTRAN.

Simulations were carried out for a homogenous
representation using the site-scale domain. These
simulations are detailed in Section 2.1. Simulations were
also conducted for a fracture system and are described in
Section 2.2. Discussion of results and conclusions are
given in Section 3.
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Fig. 1. Location and layout of the Mizunami Underground
Research Laboratory.
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Fig. 2. Schematic diagram showing the modeled part of the
tunnel and monitoring well 12MI33 with monitoring sections.
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Fig. 3. Data of tunnel excavation progress.

2. MODEL SETUP

Simulations were based on a site-scale domain with a
geometry of 100 m x 150 m x 100 m in the X, y and z
directions, respectively. The modeling domain
incorporates the Inclined Drift and the CTD sections of
the tunnel with dimensions given in Table 1. The
simulation domain also incorporates the monitoring
sections in Well 12MI33. For the simulations, a refined
Uniform (structured) grid was selected, with grid block
size of | m x Im x 1m for a total of 1,500,000 grid blocks.

Table 1. Dimensions of the tunnel sections

Inclined Drift CTD
Length (m) 57 46.5
Width (m) 4.5 5.0
Height (m) 3.5 4.5

Initial and boundary conditions were based on project
specified data. Hydrostatic initial pressure conditions are
represented by average head measurements of 110 EL m,
based on data from monitoring wells. Top, bottom and
side boundary conditions were also assigned head of 110
EL m. The excavated area was assigned a constant
pressure boundary condition of 1.0 atmosphere. Head
data were converted to hydrostatic pressure using the head
of 110 EL m and elevation data for specific locations.
Thus, the pressure at the top and bottom of the simulation
domain were calculated to be 3.6 MPa and 4.6 MPa,
respectively. Hydrostatic pressure boundary condition
was assigned on the sides of the domain. In PFLOTRAN
the domain bottom was assigned no flux boundary
condition.

2.1. Homogenous System Flow Model

Simulations were first conducted for a homogenous
model with reference hydraulic conductivity. For the
simulations, physical properties obtained from the
monitoring well 12MI33 and other sources were used.
Estimated hydraulic conductivity for Toki granite is in the



range of log (-8 £ 1) m/s. The homogenous simulations
used a constant reference hydraulic conductivity of 10®
m/s (permeability 10™°* m?) and a porosity of 0.001. Initial
and boundary conditions described above were applied. A
steady state run was made to obtain initial pressure
conditions in the model domain before the excavation
progress was modeled. Simulations of excavation
progress were conducted using the steady state pressure
distributions and the constant pressure boundary
condition inside the tunnel. The DAKOTA-PFLOTRAN
system described above was used to separately model
excavation progress in the Inclined Drift and the CTD.
The outputs were post-processed to evaluate inflow into
the tunnel and pressure history at the observation points.
The flow of water into the excavated space (Inclined Drift
and CTD) was predicted based on the excavation
progress. Results of pressure distribution at simulation
time of 173 days are shown in Fig. 4. The figure
represents fluid flow into the tunnel due to the initial and
boundary conditions. The fluid movement represents the
assumed isotropic system. Fig. 5 shows predicted
pressure vs. time at the selected monitoring points (see
Fig. 2 for locations of the monitoring points). Higher
pressure drawdown is predicted in Observation Section 6,
which is closer to the Inclined Drift entrance. The lowest
predicted pressure drawdown is in Section 1, which is
close to the edge of the CTD. This is in line with
expectations as the inclined tunnel was open for a longer
time, and thus more inflow compared to the CTD.
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Fig. 4. Predicted pressure distribution along tunnel axis after
173 days simulation time: Homogenous Model.
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Fig. 5. Predicted pressure history at observation points in Well
12M133 during excavation: Homogenous Model.

2.2. Fractured System Flow Model

A single realization with two fracture sets was used for
simulations using the fracture model. Fig. 6 and 7 show
the up-scaled permeability and porosity fields for the
realization. Flow-based effective permeability was
calculated using Darcy’s law and liquid flux at steady
state. Flow simulations were carried out using the up-
scaled permeability and porosity fields to estimate the
flow-based effective permeability. A pressure gradient
was imposed between the west and east faces of the
simulation domain. The resulting calculated effective
permeability along the x-axis (perpendicular to tunnel
axis) for the fracture realization was 3.27 x 10™'¢ m%
which is about one third less than the isotropic
permeability used for the homogenous model. Flow-
based effective permeability values were also calculated
for flow in the other directions. The complete results are
shown below. The effective permeability in the vertical
direction is higher than the horizontal values, indicating
more flow in the vertical direction.

e Horizontal flow, perpendicular to the tunnel axis
(x-axis), effective permeability: 3.27 x 10™'¢ m?

e Horizontal flow, along the tunnel axis (y-axis),
effective permeability: 1.95 x 107 m?

e Ratio of horizontal flow effective permeability
y-axis/x-axis: 0.6

e Vertical flow (z-axis), effective permeability:
5.14x 10" o’

e Ratio of effective permeability z-axis/x-axis: 1.6

The simulation procedure for the homogenous model
described in Section 2.1, using the coupled DAKOTA-
PFLOTRAN codes, were also applied to the fractured
system simulation runs. Simulation results for the
fractured system are shown in Figs. 8 to 10. Fig. 8 shows
pressure distributions at 173 days simulation time. The



pressure distribution indicates flow into the tunnel in a
fractured system along the axis of the tunnel. Predictions
of pressure at observation points are shown in Fig. 9. The
pressure drawdown for most of the observation sections
are higher than those of the homogenous model due to the
increased local permeability.

The flow of water into the excavated space was also
evaluated for the fractured system. The resulting
predictions of inflow into the tunnel is shown in Fig. 10
together with the results for the homogenous model.
Project inflow experimental data points are also included.
The predicted inflow for the homogenous model matches
the experimental inflow to the Inclined Drift, but over
predicts the inflow to the CTD. The predicted inflow for
the fracture model matches both experimental data points.
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Fig. 6. Upscaled permeability: Fracture Model
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Fig. 7. Upscaled porosity: Fracture Model
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Fig. 8. Predicted pressure distribution along tunnel axis after
173 days simulation time: Fracture Model
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Fig. 9. Predicted pressure history at observation points in Well
12M133 during excavation: Fracture Model.
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Fig. 10. Predicted inflow into Inclined Drift and CTD:
Comparison of results of Homogenous and Fracture Models
with experimental data.



3.0 DISCUSION OF RESULTS AND
CONCLUSIONS

Preliminary modeling analysis was conducted to predict
inflow of water during excavation of the Inclined Drift
and CTD section of the tunnel at the Mizunami
Underground Laboratory, as part of DECOVALEX19
study. The analysis looked at the use of a homogenous
model with reference hydraulic conductivity, and a
fracture model developed by Kalinina et al. [3]. The
simulations used a site-scale domain of size 100 m x 150
m x 100 m. Boundary and initial conditions specified by
the project, based on data from wells, were applied to flow
simulations. Parameter data also obtained from wells
were used. Data of excavation progress for the Inclined
Drift and the CTD were also provided.

The modeling analysis using the homogenous model
provided a simpler isotropic representation of the porous
medium. However, simulation results showed uniform
fluid flow and thus the model was not able to capture local
hydrologic variations. The modeling analysis using the
fracture model with up-scaled permeability and porosity
fields allowed realistic representation of the hydrology of
the fractured rock in the excavated region. The simulation
results provided detailed flow analysis in a fractured
system. The predicted inflow of the realization with two
fracture sets matched the experimental data. The results
are preliminary output for a single fracture realization.
More realizations will be needed to obtain average
representative output.

REFERENCES

1. Iwatsuki, T.R., R. Furue, H. Mie, S. Ioka, and T.
Mizuno. 2005. Hydrochemical baseline condition of
groundwater at the Mizunami underground

research laboratory (MIU). J. Applied Geochemistry.
20(12): 2283-2302.

2. Iwatsuki, T., H. Hagiwara, K. Ohmori, T.
Munemoto, and H. Onoe. 2015 Hydrochemical
disturbances measured in groundwater during the
construction and operation of a large-scale
underground facility in deep crystalline rock in
Japan. J. Environmental Earth Sciences. 74(4):
3041-3057.

3. Kalinina, E, T. Hadgu, Y. Wang, Y. Ozaki, and T.
Iwatsuki 2018. Development and Validation of a
Fracture Model for the Granite Rocks at Mizunami
Underground Research Laboratory, Japan, in
Proceedings of the 2" International Discrete
Fracture Network Conference, Seattle,
Washington, June 20-22, 2018.

4.  Hammond, G.E., P.C., Lichtner, and R.T., Mills.
2014. Evaluating the Performance of Parallel

Subsurface Simulators: An Illustrative Example
with PFLOTRAN. J. Water Resources Research.
50, doi:10.1002/2012WR013483.

5. Adams, B. M. et al. 2017. Dakota, A Multilevel
Parallel Object-Oriented Framework for Design
Optimization, Parameter Estimation, Uncertainty
Quantification, and Sensitivity Analysis: Version
6.6 User’s Manual. SAND2014-4633. Updated
May 9, 2017.

Sandia National Laboratories is a multiprogram laboratory
operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy’s
National Nuclear Security Administration under contract DE-
AC04-94AL85000. SANDXXXX



